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dimensional compounds with weak bonding between layers. At 

temperatures below 600 K, both crystals are-@istorted"from the 

Cd12 structure by an electronic instability known as a 

- charge-density-wave ( C D W ) .  Above 180 K in 1T-TaS2 and 473 K . % - 
9 

-- - in 12-TaSeZ, the far-infrare6 I 1 a  = 2 - M O  an-'-) reflectivity 
\ 

W 

spectra are unremarkable an@ adequately explained by standard 
* 

theories. 

However,'below these temperatures, both crystals have 

spectra which indicate the presence of far too many infrared- 

active phonons than is possible for a CdIZ structure. At 

these lower temperatures, both crystals are known to have CDW 

+ distortions that are commensurate with the host Cd12-type 

lattices forming a superlattice with 39 atoms in a unit cell. 

This large number of atoms can explain why so many phonons 
I 

are observed but makes any exact model calculation intractable. 

. A  combination bf  a simple lattice dynarnical model and the 

concept of modes "folding-in" from parts of the Brillouin zone 

not normally accessible to optical,4'tudjes can explain the 
J C 

origin of the observed modes. &he frequencies of these modes 

cannot be predicted accurately due to the necessary simplicity 

of the model. The nodel does imply which modes are related to 

either the a m u s t t c - o r  optic branches of the phonon dispersion 

curves of the CdIZ structure. Frequency ratios of - 



corresponding modes in 1T-TaS2 - and IT-TaSe2 - are consistent 

with this interpretation. $7 

, . - 
The reflectivity spectra'werebfit with standard 

>- 

mathematical expressions. en'qrpreted at a micrnocopic 

level, the parameters , . obtained for 1T-TaSe2 - seem to 

indicateaa gradual decrease in the number of free - carriers 

or an increase in their effective-mass as the temperature was 

lowered from 295 to 4.2 K. This is not usual metallic behavior ' 

and implies changes in the band structure as a result of 

interactions with .the CDW. 
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I-- 

3 - . 
-. 

~ i ~ a l v o  and Rice (1979) have given a simpleedescription of 
* 

CDW's iq,,the transision metal compounds. A CDW is a pekiodic 
, * 

modulation of'thk electron density of a crystal over dimensions 

- 
CDW respectively. q may or may not be a rational reciprocal of 

the reciprocal laxtice vectors of the host lattice. If it is, 
1 

the CDW is said to b e  commensurate ~cCDW). If not, it is said - 

to be 'incommensurate (ICDW). 

In the absence of the small ( - 7 % )  PSD caused by the 'cDw'~, 

12-TaS2 and 12-TaSe2 would have the CdIZ structure with 

one molecular unit of three atoms per unit cell. The Ta atom is 

octahedrally eccrdinated, six-anions being equidistant from it 

at the corners of an octahedron. 

Ta-Ta distances (aG) and X-X 

or S e .  The Ta-X bond length F$, is 

distances (a) are equal;. X=S 

not usually .determined 

experimentally and is calculated from the theoretical a/fi . 
c, is the repeat 2istance alonq the c-axis perpendicular to 

the planes. The values in Table 1.1 are taken from Kilson and 

-k'-zffe C19Q9h a& ~ ~ a v s k y ~  &. (1973). - - - - 

, 
The space group of this structure is D ~ ~ ?  in the 



* Schonaes-notation. 'The structure is best described'as being 
8 

hcp S or Se with the smaller Ta ion hexagonally packed in every 

other layer. 
- -. . . 

I 

.There is no "normal" or'yndistorted phase in the 3 T  

polytypes of these compounds except at the high growth 
- -- - - - - - - 

temperatures ( T  > 1200 K)% (Wilson et &. 1975) . Careful 

examination of the X-ray, electron, and neutron diffraction 

patterns reveals deviations from the exact Cd12 structure at 

, . 
all temperatures below 600 K. Weak satellite spots imply a .+' 

superlattice distortion whose waveG&ctor is w * ~  , where- 

$ is the basal plane reciprocal lattice vector of the 
.! 

undistorted phase. Below 180 K in 11;TaS2 and 473 K in 

l z - ~ a ~ e ~ :  the superlattice is commensurate with the host 

+ -* C d I Z  lattice, and q=a /a in the commensurate CCDW state. 
Above 370 K in lx-TaS2 and 473 K in 1x-TaSe2, the distortion 

wavevector increases by - 2 %  and rotates slightly so that the 

superlattice is incommensurate with the host lattice (ICDW). 
16, 

Between 220 K and 3 5 0 %  in 12-TaS2 a unique 
4, , 

"cpzsiccmmtensurate" fQCEW) phase exists intermediate to the 

~ther two states. In this phase, the CDW stops just short of 

becoaninq commensurate. As the temperature is increased in the 

fCDW phase of b t h  ccmpmds, an irreversible transition to the 

2 3  or 3R - polytypes takes place before an undistorted phase can 
S e  reached. 



. 

I As it.is the CCDW phase that is of most interest to this . \ 
work, it is worth discussing in some detail. It should be t 

mentioned that'the space group of the CCDW phase of Tg-TaSq 
"z 

and 12-TaSe2 has never b ~ %  reported, probably due to the 
/ 

. difficulty of analyzing the weak diffraction spots of the 

It is presently accepted that in both 1T-TaS2 - and 

12-TaSe2, afi3 fi a unit cell is formed in the basal plane. 
H 

Fig. 1.1 shows the basal plane of Ta atoms and unit vectors of _ 
w Q 

the unit cell. Also shown 'are the unit vectors of the 

triple-axis CDW distortion in the basal plane of the crystal. 

(Scruby et &. 1975, Moncton & &. 1975). The CDW stacking is 

such that each successive layer is sh-~ftgd so as to move the CDW 

charg-e extrema as far apart as possible.(Moncton et g.  1976). 

This leads to a triclinic unit cell with 39 'atoms per unit cell. 

The stacking is such that an equivalent CDW site is found every 

13 co cell units along the c-axis., The space gro.up of the 

superlatt5ce hss not been reported. It is also not clear whether 

the CDW-PSD wavevectdr has a component out of the basal plane. 

The detailed changes to the 12-TaS2 lattice caused by the 

CCDW have been discussed by VJilson (1978a). The Ta-Ta 
- - - 

separation in the star surfounang the cell corners has been 

reduced by up to 6.5%. Site &.has had about 6ne electronic 

charge added to it. Site b has had oAly a small amount of 



- - 

charge added to it while site c hashadaboutDC4 e taken m m p -  

\ 
it. The anions are not affected as much. 

As <he displacements and charge transfers are significant. 

* the band *structure must-be somewhat modified in'its transfer to 

- - 
+ 

effectiqe clime musC -a?so be- affected. changipg the pkeon A 

-. 1 

spectrum.' The de.tails, have never been worked out, not 
B 

surprisingly in view,of the difficulty of even the simplest L 

B. Electrical, conductivity 

The effect of CDW formation on the band structure is 

clearly demonstrated by the behavior of the DC resistivity. 

Fig. 1.2 (~ilson e_t g .  1975) shows P ( T )  along the layers for 
> .  

typical crystals of 12-TaS2 and lpTaSe2.. p ( ~ )  along the 

c-axis has not been reported. 
1 

At all the temperatures where diffraction results show 
0 

- .  
structural transitions taking place, the resistivity also 

x. 

'\ changes abruptly. Except for the CCDW (low temperature) phase- , - 
of IT-TaS2, - the observed values are characteristic of a poor 

- - 

metal. The magnitude of the resistivity of 1T-TaS2 in the low 

temperature CCDW phase is characteristic of a semiconductor. 

Iiowever. a single aap model will not fit the data over the ; 

fm 
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(Fateley - et = al. 1972).  his method is far easier-khanfinding 

the normal modes byBiagonalizina a large matrix. However only 

the number df pphonon modes and "their symme;ries are determlned. ' 
0 

-.. 
not their fr&encies,- 

/ - 
Cd12 is the obvious example. Since there are three atoms 

per unit cell, there are 3n=9 normal modes. A 9x9 matrix would 

haye to be diagonaliied to find them directly. Cd12 has the 

3 
Djdpdint group and Djd spase group. The site symmetry of 

each atom can be found in Wyckoff (1963). The correlation 

method described by Fateley et a. (1972) can then be used to 
reduce r . 

The recult can be expressed as follo 
* ""\ 

The A's are one dimensional representations and are 

associated with displacements along the c-axis. The.E1s are two 

dimensional representations associated with displacements in the 
-, 

basal plane. The E modes are two-fold degenerate, as expected 
i. 

for a uniaxial crystal. 

For point groups with inversion symmetry, such as ~ ~ ~ 3 ,  

the representations have a subscript u or g denoting whether 

displacements have odd or even parity. (cf. usgerade, gerade in 
@ 

, 4'' 



~erman). In such groups IR modes have the odd parity associated 
A 

with a dipole moment, while Raman modes do 'not. IR or   am an 
activity is usually g i u s  in the character table. 

* 

Three modes must be the acoustic modes associGted with a 

translation of.the entire lattice which must have odd parity. 

1 This is written ~acoustic=~2u+~u. The remaining 3n-3 

modes must be optic and this is expressed as 

, roptic=A +E +A2u+E,. The first two represent lg 9 

Raman modes,' the second two IR modes. Using matrix 

represeptations and performing the symmetry operations on small 

displacements from equilibrium, the -form of the normal 
-. 

coordinates' can be found. This has been done for the Cd12 

structure (Lockwood 1969), and is described in Fig. 1.3a. 

9' 

For. future referen e, it is useful to mention the 2H - 
polytype. Wieting and Verble (1971) have worked out this case. 

In this structure thescations are trigonally coordinated. There 

are two formula units and two layers in the unit cell. With six 

atoms per unit cell, there are 18 phonon'modes or branches in 
J 

the phonon spe-ctrum. 

r-point (k=O) decomposition yields the following 
-5 B 

expression. 
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t h i s  thes i s  and w i l l  be discussed l a t e r .  Not much work has beer5 

done on the t e l l u r i d e s ,  perhaps because the s t ruc tu re  of many of 

them i s  d i s to r t ed  (Wilson 19691, or they Are hard t o  grow. 

=. 
J 

a 

C 

The very small change a  phonon resonance causes i n  the  highb+ 
d -. 

infrared r e f l e c t i v i t y  6f a metal i s  d i f f i c u l t  t o  de tec t .  . - 
i n  the  t ab le  means tha t  the  e l e c t r i c a l  conductivity i s  

cha rac te r i s t i c  of a  d t a l  and t h a t  t h i s  mode w i l l  l i k e l y  he 
L* 

w ,  

d i f f i c u l t  t o  de tec t .  More Raman data a re  avai lable  becau+ 

r e s u l t s  can be obtained from metqls. Experiments a re  d i f f i c u l t  

@ue to' small penetration and weak signals but can be done. 

rad ia t ion  with the e l e c t r i c  f i e l d  along the d i rec t ion  of 

vibrat ion.  These c rys ta l s  generally grow i n  the  form of th in  

p l a t e l e t s  l e s s  than a  millimeter thick.  I t  i s  d i f f i c u l t  t o  

prepare a  specimen with a  smooth surface p a r a l l e l  t o  the c-axis. 
i 

Even pressed pow'der .samples exhibit '  a  high degree (90%) of 

or ien ta t ion  (Lucovsky et d. 1973). As a r e s u l t ,  the  AlU 

mode has not been determined for  most of these c r y s t a l s .  

The binding i n  these compounds can be e i t h e r  ionic ,  

covalent,  o r  metal l ic .  Lucovsky e t  Q.  ( 1 9 7 3 )  have looked a t  

the differences between the  group I V B  compounds ZrS2 ,  HfS2, 

and HfSe2 and the group V I B  compounds MoS2, MoSe2, WS2, 

and WSe2. These compounds are  not metall ic and have readi ly  
& 
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weak. This j u s t i f i e s  Bronley' s neglect of t h i s  in te rac t ion .  
Q 1 

I n e l a s t i c  neutron d i f f r ac t ion  can be the bes t  method of 

studying phonons because it i s  not res t r iced t o  k=O a s  a re  f i r s t  

.order opt ica l  s tudies .  The end resu l t  i s  a complete phonon 

dispersion curve. However $he small volume of avai lable  
\. 

t r a n s i t i o n  metal diehalcogenides c rys ta l s  makes t h i s  

determination d i f f i c u l t .  

. -Among the t r a n s i t i o n  metal dichalcogenides, only fo r  

2H-MoS2 has the complete phonon spectrum been determined. 

Wakabayashi g& a. (1975) used a  sample 13x8x0.2 cc ,  very large 

fo r  t h i s  c l a s s  of c r y s t a l s . .  A simple she l l  model l a t t i c e  

dynamical calculation with a  polarizable Mo 9 atom gave f a i r  
I 

agreement with en t .  A t  the k=O r-point, experimental 

+frequencies those ok Wieting and Verble (1971). 

i 
2H-Pb12 has a lso  been completely studied by Doerner et 

a l .  (1976). This has the C d 1 2  s t ructure  but has the  2z pref ix  - 
i n  the  l i t e r a t u r e ,  @ r e fe r r ing  t o  two hexagonal iodine planes i n  

the  uni t  c e l l .  Th&ir k=O phonons agreed with op t i ca l  

The above study i s  p a r t i c u l a r l y / i n t e r e s t i n g  because the 

% 



- 
1-3- - - --- 

- 

4 
F 
? - - - - 

Raman modes were a l s o  determined f o r  t h e  45 po ly type .  This  h a s  

double  t h e  h e i g h t  and number of atoms i n  t h e  *nit  c e l l .  Th is  

causes  t h e  A p o i n t  a t  t h e  edge o f  t h e  2g ~ r i l l o u i n  zone t o  be  

fo lded  back to t h e  k=O r -po in t  o f  t h e  4lJ B r i l l o u i n  zone.  An * 

a d d i t i o n a l  Raman mode appea r s  i n  t h e  4g  s t r u c t u r e  a t  a  s i m i l a r  

f requency f o  an a c o u s t i c  mode a t  t h e  zone edge ( A )  o f  t h e  2 3  
, . 
' LA 

c r y s t a l .  T h i s  phenomenon w i l l  be  seen t o  o c c u r  f o r  t r a n s i t i o n  ,- 

. m e t a l  d i cha l cogen ides  where a CDW-PSD e n l a r g e s  t h e  u n i t  c e l l  by 
-- 

forminq a  commensurate s u p e r l a t t i c e .  A d d i t i o n a l  work on Pb12 

h a s  been d o ~ e  by S e a r s  et a. (1979) .  - 
- -- 

a .  

Moncton a. (1977) .  found t h a t  t h e  LA phonon branches  

a long  t h e  r-M d i r e c t i o i  i n  2u-TaSe2 went t o  99 cm-l a t  t h e  

zone edge . .  Also t h e  r- p o i n t  E * , ~  f requency was found t o  

be 24 cC1.  Thi s  i s  i n  e x c e l l e n t  agreement w i t h  t h e  Raman 

f requency ,de te rmined  by Holy and S t e i g m e i e r  et 

a l .  (1976) .  The neu t ron  work d i d  no t  ex tend  p a s t  120 cm-' and - 
t h u s  missed most o f  t h e  o p t i c  branches .  a l s o  s t u d i e d  . " 

" 

2g-NbSe2 
where the E29 

mode f requency agreed  w i t h  t h e  

Raman work of  Wang and Chen (1974) .  

There h a s  been a  g r e a t  d e a l  o f  i n t e r e s t  
- 

i n  s t u d y i n g  t h e  

s o f t e n i n g  of t h e  LA phonon b ranc  wavevector spanning t h e  

Fermi s u r f a c e ,  known a s  a  Kohn an (Ziman 1969)  The amount 

of s o f t e n i n g  i s  a  measure of  
-2 

t h e  electron-phonon coup l ing .  



A Kohn anomaly has been seen at room temperature in the 

at approximately the yavevector of the CDW distortion oherved 

in diffraction. That is q z a g k m  . 

- 

Moncton et a. (1975 ve observed Kohn anomalies in both 

2E-TaSe2 and NbSe2 at The frequency of the mode 

softened as the TaSe2 entered into its CCDW phase phase at 

123 K, but not completely td zero. 
- 

.m 

No Kohn anomaly was seen in 1x-TiSe2 by Stirling et 

al. (1976). This was to be expected as a group IV compound does - 
not have the extra electron of the group V compounds. However 

this work was done at room temperature, while the CCDW 

distortion does not set in until 200 K. 

In summary, a large Kohn anomaly often appears in materials 
.a 

with CDW distortions and indicates a strong electron-phonon 

coupling. ~eutrbn data is limited to only a few compounds and 

even then only the acoustic branches.were determined. All the 

authors commented on the difficulty of working with small 
I 

crystals. i 
D. Phonons and CDWts. Far-infrared and Raman studies. 

6any groups have studied phonons in compounds sustaining 



. - 
CDW d i s t o r t i o n s  us ing  f a r - i n f r a r e d  and Raman s p e c t ~ o s c o p y .  In 

cases  where a commensurate s u p e r l a t t i c e  i s  formed, t h e  increased  

number of molecules per  u n i t  c e l l  i n c r e a s e s  t h e  number of o p t i c  

modes. I n  ICDW phases e x t r a  Raman appea . The r ,  
Raman modes appear t o  be  more s t rong ly  cou led  t o  - e  CDW than u 
the  infrared modes as implied by t h e i r  temperature dependence 

near  t h e  CDW phase t r a n s i t i o n s .  
3 

The fol lowing i s  a  b r i e f  s-ary of t h e  work done s o  f a r  i n  

t h i s  f i e l d .  The d i scuss ion  i s  by compound, down and t h e n ' a c r o s s  

t h e  p e r i o d i c  t a b l e .  Raman work i s  repor ted  f i r s t .  

Holy et a. (1977)  have s tud ied  1T_TiSe2 using both 

Raman and fa r - in fza red  spectroscopy.  They observed f a r  mOre 

% phonon modes than - g oup theory-would p r e d i c t  f o r  an und i s to r t ed  

l a t t i c e  when t h e  TiSe2 w a s  i n  i t s  CCDW s t a t e  below 200 K. 

From t h e  known form of t h e  s u p e r l a t t i c e ,  they  p r e d i c t e d  both t h e  

C number and symmetry of t h e  modes folded i n  t o  k=O from t h e  

s a t i s f a c t o r i l y  e p l a i n e d  i n  t h i s  way. Some of t h e  modes 

d isp layed temperature dependence, t h e  Farnan more than  t h e  I R  

modes. This  i s  n o t  understood very well  a t  p r e s e n t  b u t  i s  . 

presumed to  be due t o  phonon coupling t o  t h e  CDW. 

Liang e_t a. ( 1 9 7 9 )  have observed s i m i l a r  mode m u l t i p l i c i t y  

i n  t h e  CCDW phase of 12-TiSe2. Their phonon work concent ra ted  



7 T h e  results suapested an antiferroelectric transformation at the 

/ 200 K CDW onset temperature. They proposed a model of the CDW 
c 

phase transition driven by the phonons. 

- 

Kilson &t a2. (1978b) have also seen mode multiplicity in 
b 

the CCQK phase nf u - T i % * +  ?his work corxer~ed itself more 

with the effect of the CCW on the band structure and free 

carriers than on the pho~on properties. 

I Szith et a. (1976) four2 just one Raman mode in room 
' ter'perature 1T-VSe2. - ?owever, at 2 K at least five additional 

modes appeared irplyina the formation of a superlattice. A 

~etailed analysis of m y  temperature dependence was not given. 

Tsang et - al. (1976) have a l s o  seen Ram n modes in the ICDW 3 
phase of 2E-XbSe2- Twb weak low frequency lines appear below 

the transition te~perature of 33.5 K. A broad line a t  the lowest 

frequency softens completely to zero at the transition. It is 

identified with an am.plitu2e mode of the CDW and follows the 

terperature dependence predicted by Rice and Strassfer (1974). 

Duffey et - al, - (1976 fhave observed more than thirty Raman 

zcBes ir, t3e CCFF *ase of  IT-TSS2. M6st 6f their peaks were 
- - 

A 
azzributed to the fcration of a superlat&ice, but some seemed 

relate2 to CFK-pheno- eouplinq. Similar, but less detailed, 



4 - 
I' 

s p e c t r a  were observed by Smith et al. (1976) .  Holy (1978) a l s o  

determined t h e  Rarnan spectrum of 1T--TaS2. Only i n  t h e  

de te rmina t ion  o f  weaker moaes do t h e  two workers d i s a g r e e .  

Sai-Halasz and Perry  (1977) have stu&ied t h e  low frequency 

- -  - -  

(c1-50 ~ m - ~ )  Ranan modes of  1'-TaS2. -The s t r o n g e s t  mode a t  

8 2  an-' showed unusual behavior  with both temperature and 

p o l a r i z a t i o n .  They specula ted  t h a t  t h i s  - - was a  phase mod'e of t h e  

CDW. 

Tsang et &. (1977) have ' s tud ied  t h e  Raman spectrum o f '  

IT-TaSe2. They found an inc rease  i n  t h e  number of modes upon 

coo l ing  t o  t h e  CCDW phase. Some l i n e s  changed very l i t t l e  i n  

frequency o r  i n t e n s i t y ,  while  o t h e r s  seemed s t r o n g l y  coupled t o  

t h e  CDW, so f t en ing  and s t rengthening  cons iderably  a t  lower 

temperature.  Severa l  s p e c u l a t i o n s  on t h e  n a t u r e  of  t h i s  

i rp terac t ion  were -&t f o r t h .  
#' 
t 

Holy et a l .  (1976) and Steigmeier e_t &. (1976) have 

s t u d i e d  2E-TaSe2 using Raman spectroscopy.  ~ t e i ~ m e i e r  ct g .  

f i t t e d  t h e  Ranan modes t o  'orentzian l i n e  shapes and deduce-d 
- 

which ones were s t r o n a l y  coupled t o  t h e  CDW e x c i t a t i o n s  from -r) 

- 
A- 

t h e i r  temperature dependence. Holy - -  e t  a l .  went f u r t h e r  and 

- 5iscussed  a  theory  which could account f o r  f h e  r e s u l t s  by 

i n t e r a c t i o n  of a l o n q i t u d i n a l  phonon branch wi th  t h e  CDW. 



Lucovsky et al. (1976) reported a single weak IR mode at 

210 an-I in the QCDW phase of 12-TaS2. At room temperature 

they saw six IR modes i 1T-TaSe2, - evidence 

of a large unit cell. (1978,1979) have seen 

ten strong IR modes these crystals. 

This work forms the basis of the experimental part of this 
- -  - 

- 
thesis. 

In conclusion, there appears to be a fair amount of 
& 

interest in the phonon modes folded in to k=O by CDW-PSD's. Of 

particular interest is the coupling of these modes to,the CDW 

i.tself. This has been seen in the softening of certain Raman - 
modes. Modes which disappear ak the transition out of the CDW % 

phases have been interpreted as either amplitude or phase modes 

of the CDW itself. 

In the'next chapter details of sample preparation and 

neasurement technique are presented. Chapter 3 describes how 

the reflectivity spectra were analyzed usina oscillator fits and 

the Kramers-~rGnig relations. Chapters 4 and 5 discuss the 

interpretation of the reflectivity spectra in terms of phonons 

and plasmons [free carrier excitations),- A summary of the 

significant findin~s ofthis study is given in the final 
3 

- 

chapter. 1 



T a b l e  1.1 

Lattibe p a r a m e t e r s  of I T - T a S 2  - and 1 T - T a S e 2  - i n  jm. 



Table 1 . 2  . O p t i c a l  phonon f requencies  i n  w a v ~ ~ e r s ~  f o r  
some t r a n s i t i o n  meta l  dichalcogenides.  

1T - oc tahedra l  c o o H i n a t i o n  

1 d 2  

1 d 3  

16612 

9812 

met. 1 5  

2H - t r i g o n a l  p r i s m a t i c  coordina t ion  

1 3  303 m e t .  

1 6  2517 met. 
14 m e t .  

8 
23, 

Table of s u p e r s c r i p t s  on nex t  page. 
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Figure  1.1 

a) C d 1 2  unit c e l l  i n  b a s a l  p l a n e .  

b) commensurate unit c e l l  showing o n l y  c a t i o n s  

c o r n e r ,  t ype  
0 

t ype  b 
0 

t ype  c 



F i g u r e  1.2; 

R e s i s t i v i t y  vs.  t e m p e r a t u r e  fo r  1T-TaS - a n d  1T-TaSe2 
2 - 

. , 

t a k e n  from Wilson e t  a l .  (1975) . -- 



Figure  1 . 3  

C - 

Normal modes of t h e  1T and 2 H  s t ruc ture$ .  - - 

I R  a c t i v e  Raman a c t i v e  
I 

I R  a c t i v e  Raman a c t j v e  



L 

A .  Crystal  growth. 

Both 12-TaS2 and 1z-TaSe2 c rys t a l s  were grown by the  

iodine vapor t ranspor t  method. The 1pTaS2 c r y s t a l s  were 

provided by J.  P.  Tidman. The 12-TaSe2 c r y s t a l s  were grown by 
B 

the  author espec ia l ly  f o r  t h i s  experiment. The d e t a i l s  of t he  

c r y s t a l  preparat ion follow. 

Stoichiometric amounts of Ta and Se (3 .5  g t o t a l )  were 

placed i n  a  cy l ind r i ca l  quartz-glass tube (2x28cm). Enough 

excess Se and I2 were added t o  give about 1 atm pressure a t  

950 C .  The excess Se was added t o  ensure proper stoichiometry. 

The tube was heated t o  600 C fo r  two days. This was 

followed by a  back t r ans fe r  with one end of t he  tube a t  1000 C,  

t he  other  a t  925 C .  This e n y e d  t h a t  a l l  reagents went t o  the  
- 

cool s ide ,  leaving no nucleation centers i n  the  growth zone. 

t 

The temperature gradient  was then reversed f o r  t& days. 

This temperature i s  25 C cooler than t h a t  reported by ~ i ~ a l v o  et 

a l .  (1974) and was found t o  be c ruc ia l  f o r  r e s u l t s .  The tube - 
was 5" en d i r e c t l y  from the furnace and plunged irrto i c e  cold 

water t o  quench t h e  c r y s t a l s  i n t o  the  metastable 12 phase. The 

iodine i s  responsible f o r  much of the  heat  t r a n s f e r  during the  



quench. 

-* ' 

One very large clystal -2xlcm resulted, along with many 
, 

smaller ones. They were gold in color with.good optical 

i surfaces. The 1T-TaS2 crystals were .also gold. No direct 
L 

-tests of stoichiometry were performed but an indirect measure 

can be obtained from resistivity measurements. 

. 
B.' Resistivity measurements. 

In order to characterize the particular samples used in 

these experimdnts, the resistivity, P(T), was measured using 

Van der Pauw (1958) geometry.   his is a four-probe technique 
\ 

where the sample must be of known thickness. Errors y s e  from 

the size of the contacts, assumed to be points. "Crystalbond 

509" held the sample to a Cu substrate. The contacts were made 

with a silver paint. The results are,plotted in Fig. 2.1. % 

The absolute value of the resistivity of 1x-Tas2 obtained 

were at wide variance with those reported in the literature. 

Evidently the sample was either not of uniform thickness or the 

weight, about 2 mg, was not determined accurately. At room 

temperature, other observers report resistivities in the range 

8-10~10'~ohm-cm. fTidman and Frindt 1976. Thompson e_t 

crystgls is mos2 evident in 'the widths of the QCDW-CCDW 



results obtained here were normalized to 9~10-~ohm-cm at room 

temperature. 

0 

'The 1T-TaSe2 crystal used was thicker and more uniform 

than the 12-TaS2 crystals used above. Its thickness was 

determined by weight, estimated surface area, and density 

obtained from lattice parameters. Finite contact size and the L+ 

area determination combine to give an estimated 10% error. The 

results are plotted in .Fig. 2.2. 

The 12-TaSe2 ICDW-CCDW transition occurred at the 

established value of 473 K with a 12 K hysteresis as measured in 

a separate experiment. The crystal used was from the same 
9 

batch as that used to determine the absolute resistivity between 

295 and 4.2 K. It is reasonable to a'ssume that their room 

temperature resisitivities are comparable. This gives 

p (473 ~ ) = 4 ~ 1 0 - ~  ohrkcm for the resisitivity directly above 

the QCDW-ICDW transition. 

C. Reflectivity measurements. 

Almost all the spectra were obtained using Fourier 

transform spectroscopy. This technique is well established.. 

Chantry (1971) has given a good- elementary exposition. Light 

from a broadband light source is split into two paths either by 



amplitude divis ion ( ~ i c h e l s p n  interferometer3 oF 6y w a V e ~ o n t  
- - -  - 

divis ion ( lamellar interferometer) .  One path length i s  fixed, 

the other can be varied.  A t  zero-path difference,  l i g h t  of a l l  

frequencies w i l l  i n t e r f e r e  constructively. A s  one path length 

i s  varied,  l i g h t  of d i f f e r e n t  frequencies w i l l  i n t e r f e r e ,  some 

constructively,  others  destruct ively when the  two beams a r e  

recombined. Recording the i n t e n s i t y  versus path d i f  f  e r ~ n c e  of - 

the  combined beam produces an interferogram. Placing a  sample 

i n t o  the  beam permits spectroscopy t o  be performed. Since the  

interferogram i s  the  Fourier transform of in t ens i ty  versus 

frequency, it can be inverted by computer t o  y ie ld  a  spectrum. 

The advantages of t h i s  technique are  realized most f u l l y  i n  the 

far-infrared region of the  spectrum ( v  < 2 5 0  em-l). 

Most of the  experimental d e t a i l s  of tW? apparatus used here 

have been discussed by Templeton (1973). A s  a  r e s u l t ,  the  

following description w i l l  be b r i e f ;  emphasizing cha rac te r i s t i c s  

responsible fo r  the  ult imate signal-to-noise r a t i o  and 

resolution of the  resu l t ing  spectra.  

1. Light source. 

A water cooled quartz jacketed mercury a rc  supplied the  

broad band l i g h t  necessaGy fo r  Fourier transform spectroscopy. 
7 

The output of the  one used tends t o  vary occasionally over a  

period of minutes. These e f fec t s  a re  cal led "lamp 
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of 2 . 5  microns, The - --  m a x i m u m  - - - - frequency - - - - t h a t  can be obta ined  is  \ 
-- --- 

A 

l i m i t e d  by t h i s  t o  1000 m-l. Using t h i s  step s i z e ,  b e s t  

s p e c t r a  were obta ined  with t h e  15G beamsp l i t t e r  and a  b lack  

polye thylene  f i l t e r .  Absorption l i n e s  i n  the Mylar and t h e  
i 

r o l l o f f  i n  beamsp l i t t e r  e f f i c i e n c y  towards i t s  f i r s t  minimum a t  

7 5 0  an-' r e s t r i c t  t h e  useable  bandwidth t o  600 cm-I and 

below. 

Since t h e  beamsp l i t t e r  e f f i c i e n c y  goes t o  zero  a t  zero  

frequency, t h e r e  is  a L o w e r  lidt t o  t h e  useable  frequency of a 

spectrum. Thicker S e m s p l i t t e r s  a r e  more e f f i c i e n t  a t  lower 

f requencies  than t h i n n e r  ones.  Thus t o  o b t a i n  a  complete 

spectrum, d i f f e r e n t  S e a m s p l i t t e r s  and f i l t e r s  must be used. The 

conf iqura t ions  used . i n  t h e s e  experiments are l i s t e d  i n  

Table 2 . 1 .  Complete s p e c t r a  a r e  obtained by s p l i c i n g  together  

s p e c t r a  ta& with 2 i f f e r e n t  beamsp l i t t e r s  a t  f r equenc ies  where 

! \  t hey  ovePlap . 

I n  Four ier  t r a n s f o m .  spectroscopy t h e  increased  number of 

s p e c t r a l  elements r equ i red  f u r  higher r e s o l u t i o n  ( A V  ) i s  

obta ined  by i nc reas ing  t h e  path length  d i f f e r e n c e  recorded i n  

the interferograzz.  That is ,  A T z l f ~ ,  where L i s  t h e  maximum 

less +Am the  machine: s 0 .1  m.-l capac i ty .  In  p r a c t i c e ,  - the  - 

r e s o l u t i o c  i s  l i n i t e i ?  Sy s ignal - to-noise  s i n c e  a t  l a r u e  path 

Lecsth 2i f f erence ,  t:?e v a r i a t i ~ ~ s  i n  s i q n a l  caused by 



- -- - - - 

in terference 'are obscured by noise. 

.As the  interferogram i s  recorded, the s teps  themselves can 
I 

vary causing random stepping er rors  which d i s t o r t  t h e  spectrum. 

As an example of t h i s  e f f e c t ,  replacing the s t i cky  grease on the? 

vacuum sea l  of the  moveable mirror made a s ign i f i can t  

- 

- improvement inpWpEatabiIl€y . A v e r w i n g  interferograms o r -  

spectra w i l l  reduce t h i s  e r ro r .  
1 

0 - 

b. Beckman RIIC LR-100 Lamellar interferometer.  

This instrument uses a special  s lo t t ed  mirror t o  s p l i t  the  

wavefront and introduce a path d i f f  p s e f k e .  I t  i s  

d i f f rac t ion-  t o  a high frequency l i m ' i t  100 c m - l .  I ts  

low frequenc i s  determined by waveguide e f f e c t s  i n  t h e -  
J 

mirror and i s  about 2 a n - l .  The instrument Ls most e f fec t ive*  

below 50 cm-l. It was used primarily below 25 cm-' where it - 

' i s  superior t o  the FS-720. 

? 

3 .  Detector system. 

One detector  was a Ga-doped Ge bolometer cooled t o  near 

3 0 .3  K using pumped H e  . In pract ice ,  i t s  s i g n a l ~ t o - n o i s e  
- - - -  - 

- 

r a t i o  was l imited by spurious vibrations of the  c ryos ta t  

assembly. That i s ,  noise would come and go, spmetimes re la ted  
, 

( t o  f l u i d  l eve l s .  Dampening procedures (rubber mounts, 



s t r a t e g i c a l l y  p laced  weights )  seemed t o h e l p ,  a s  d i d  varying t h e  

l i g h t  chopping freque;cy. The l e s s  s i g n a l ,  encountered i n  using 

t h e  l a m e l l a r  i n t e r f e r o m e t e r  o r  absorbing samples, t h e  worse t h e  

s ignal - to-noise .  Longer measurement t ime a t  each p o i n t  i s  

e f f e c t i v e  wi th  t h i s  kind of  noise .  

The sample s e c t i o n  of  t h e  e r y o s t a t  c o n s i s t e d  of a  5 c m  

diameter  tube  about one meter long. This i s o l a t e s  t h e  l i g h t  

. path  t o  the.  d e t e c t o r  from t h e  s;rrounding l i q u i d  He. This  tube  

i s  l a r g e  enough t o  accomodate a  v a r i e t y  o f  sample 

c o n f i g u r a t i o n s  a t  low temperatures .  A dua l  c a v i t y  and 15O 

s i n g l e  r e f l e c t i o n  appara tus  could f i t  i n t o  t h i s  sample tube .  

The quar tz  window i s o l a t i n g  one ~ e 3  system absorbs '  

f r e q e n c i e s  h igher  than  330 c m - I . , '  The mylar-window i n  t h e  

o t h e r  d e t e c t o r  c r y o s t a t  has  annoying absorp t ion  l i n e s  above 

500 c m - l .  To o b t a i n  s p e c t r a  t o  600 cm-l ,  a  doped Ge 

bolometer t h a t  f i t  i&o  a l i q u i d  He s to rage  dewar was used. Its- 
n 

s ignal - to-noise  i s  i n f e r i o r  t o  t h a t  of t h e  0 . 3  K system, 

r e s t r i c t i n g  useable  r e s o l u t i o n  t o  2 cm-l even wi th  averaging.  

4.  Sample c o n f i g u r a t i o n .  - 

., 

AllHt- ight  was d i r e c t e d  from 'the i n t e r f e r o m e t e r  t o  t h e  

sample and 

These were 

then  t o  t h e  d e t e c t o r  using 13mm d i a .  l i g h t  p ipes .  

tubes  of  e i t h e r  pol i shed  b r a s s  o r  gold-coated 



stainless steel.' Two types of sample configurations were used, 

single bounce or multireflection. For temperatures below 80 K, 
7 

the samples were mounte'd inside the sample tube of the detector 

cryostat. Above this temperature, the samples were mounted 
t 

outside, in a separate cryostat. 

- 

a. Single bounce. 

F 

(1). Near normal incidence. 

Low temperatures, T -- 4.2 K, were obtained by placing the 

' sample into the sample tube of the detector cryostat. Fig. 2.3 

shows the sample holder. The sample chamber is cooled only with 

exchange gas coupling to the outer He bath. The reference was 
-%. 

polished brass and was mechanically rotated into the beamlfrom 

outside the detector cryostat. 

To go above 80 K, a simple optical dewar was placed into 

the beam outside the detector cryostat and interferometer. 

Windows were of polyethylene. Fig. 2.4a is a schematic diagram 

of the arrangement. 

- The 1E--TaS2 cqsta3s used were small ;- necessitating the 
4 

use of a composite sample. Here, A1 foil pressed over the sample 

served as a reference. A1 is a good metal and highly reflecting 

in the far-infrared. 



2 A s i n g l e ,  l a r g e  ( 2 ~ 1 . 2  a n  ) l z - ~ a s e i  c r y s t a l  was used. 

The s u r f a c e  was of  good o p t i c a l  q u a l i t y .  This  pe rmi t t ed  

po l i shed  -brass  t o  be used a s  a reference, .  

This  conf igura t ion  was used t o  g a i n , i n f o r m a t i o n  about 

p o l a r i z a t i o n  dependence of  t h e  r e f l e c t i v i t y .  A schematic  

diagram of t h e  experimental  s e t u p  i s  shown.in Fig .  2.4b. The 
- 

p o l a r i z e r  is  a ,mylar  f i lm on which 500 l i n e s  p e r  i n c h  o f  gold i s  
/ 

evaporated.  As t h e  g r a t i n g  Spacing is  much l e s s  than  

f a r - i n f r a r e d  wavelengths, r a d i a t i o n  po la r i zed  pe rpend icu la r  t o  

t h e  g r a t i n g  i s  t r a n s m i t t e d  v i r t u a l l y  unat tenuated .  The o t h e r  

component i s  s t r o n g l y  r e f l e c t e d .  

b. M u l t i r e f l e c t i o n .  - 
7 

To b r i n g  o u t  weak s t r u c t u r e ,  c r y s t a l s  were p laced  i n t o  

non-resonant c a v i t i e s  (ward 1976). See Fig.  2 .5 .  The l i g h t  

from t h e  in te r fe romete r  is spread out  by c o n i c a l  l i g h t  cones s o  

a s  t o  make many bounces be fo re  e x i t i n g  t o  t h e  d e t e c t o r .  The 
- - - - - - - - - - - 

number of bounces made i s  a funct ion  of  t h e  c a v i t y ' s  7----- 

r e f l e c t i v i t y .  I t  can range from hundreds i n  t h e  case  of  a very 

r e f l e c t i n g  c a v i t y  t o  one f o r  h i g h l y  absorbing samples. 



For h i g h  t empera tu re  runs  (T > 40 a s i n g l e  c a v i t y  was 

used.  The r e f e r e n c e  s p e c t r a  were t aken  w i t  

b e f o r e  h e a t i n g .  Many c r y s t a l s  were 

w a l l s .  Mechanical c l i p s  w e r e ,  used 

h i g h e r  t empera tu re s  i n  o r d e r  t o  avoid contarn$nation from any 
- - -- a 

adhes ive .  A t  lower t e m p e r a t u r e s , ( ~ < 4 0 0  K ) ,  t h e  d u a l  c a v i t y  was 
. 

used f o r  t h e  convenience o f  t a k i n g  a  r e f e r e n c e  spectrum.  

Samples were h e l d  i n  w i t h  Crysta lbond adhes ive .  I t  w a s  d i f f i c u l t  

t o  a l i g n  t h e ' a p p a r a t u s .  Runs t a k e n  on d i f f e r e n t  days  sometimes 

d i s a g r e e d  w i t h  one a n o t h e r  i n  a b s o l u t e  v a l u e s  by up t o  25%. 
62 

6.  F o u r i e r  t r a n s f o r m s .  

In t e r f e rog rams  w i t h  up t o  512 p o i n t s  w e r e  t r ans formed on an 

I 
HP2115A minicomputer.  The F o u r i e r  t r ans fo rm programs were 

7 .  

2 -  2'.r 
w r i t t e n  by Templeton (1973) ,  David Pappi,  o r  Br i an  Farnworth.  

The r e f l e c t i v i t y  s p e c t r a  w e r e  ob t a ined  by d i g i t a l  d i v i s i o n  o f  - . 
sample and r e f e r e n c e  s p e c t r a .  

Y 

7 .  Gra t ing  s p e c t r a .  

- - % 

Some r o o m  t empera tu re  measurements w e r e  t a k e n  w i t h  a 
1 - - - -- - - 

Perkin-Elmer 457 g r a t i n g  spec t rome te r  u s ing  a Beckman C-621 beam 

condenser  and MSP-02 r e f l e c t a n c e  a t tachment .  T h i s  extends .  from 

250 on up t o  4000 m'l. S ince  t h e  beam i s  condensed t o  a  



a -  - --- siEalrerr s lze i t  was use- t o p g e t  an-ZbsoIute reflecTlvlty 

measurement a n  small c rys ta ls .  The spectra could then be 

compared with those taken on the inteferometers. 

'. , 
D .  Far-infrared ref lect ion spectra resu l t s .  

4 

1 Spectra were- b&n i n  all phases of both 12-TaS2 and 

12-TaSe2 crystals .  

1. 12-TaS2 spectra. 

7 .  

a. ICDW phase. T >370K. * 

Single ref lect ion spectra taken a t  390 K were featureless,  

the re f lec t iv i ty  dropping off s l ight ly  a t  h i g q r  frequencies. 

The 3bsolute value could not be determined suff ic ient ly  

accurately t o  detect any deviation from the Hagen-Rubens 

relat ion (Ziman 1969).  That i s ,  typical metall ic re f lec t iv i ty  

was observed below 500 cm-l. I t  was not f e l t  t ha t  averaging 

would increase the signal-to-qoise enough t o  observe any phonon 

modes, especially si* none was seen i n  the QCDW phase. 

3 . 
A four percent decrease i n  integrated in tens i ty  was 



below 358 K .  The spectrum had a  peak frequency nea 200 cm-l. -6 
A t  room temperature t h e  r e f l e c t i v i t y  was found t o  be 

f e ~ a t u r e l e s s ,  t y p i c a l  of a  meta l ,  and adequately desc r ibed  by t h e  

Hagen-Rubens r e l a t i o n .  P u t t i n g  t h e  c r y s t a l s  i n  t h e  

m u l t i r e f l e c t i o n  c a v i t y  d i d  no t  b r i n g  out  pny weak s t r u c t u r e .  A 

t y p i c a l  spectrum i s  shown -- i n  - Fig.  2.6.  100 cm-l i s  t h e  s p l i c e  

p o i n t  o f  two s p e c t r a  taken  with f i l t e r  and b e a m s p l i t t e r  

coinbinations appropr ia t e  f o r  h igher  and lower f r equenc ies .  The 

drop i n  beamsp l f t t e r  e f f i c i e n c y  a t  t h i s  p o b t  makes t h e  s p e c t r a  

noisy.  An exp.eriment t o  f i l l  i n  t h i s  frequency range was no t  

considered t o  be worth t h e  e f f o r t .  Three p o i n t s  c a l c u l a t e d  fom 

t h e  Hagen-Rubens r e l a t i o n  ( 3 . 6 )  a r e  ind ica ted  i n  F ig .  2.6.  

c. CCDW phase. T < 180 K .  .- 

) 
Under t h e  same cond i t ions  a s  above, t h e  i n t e g r a t e d  

i n t e n s i t y  dropped another  15% a t  t h e  QCDW-CCDW t r a n s i t i o n .  Many 

r e s t s t r a h l u n g - l i k e  peaks appeared, and l i t t l e  temperature 

dependence of t h e s e  peaks was noted. The complete spectrum a t  , 

100 K i s  'shown i n  Fig.  2.6. I t  i s  cons t ruc ted  from s p e c t r a  taken 

wi th  t h r e e  d i f f e r e n t  b e a m s p l i t t e r - f i l t e r  combinations.  

At 45"incidence, some data-were taken wi th  p o l a r i z e d  

i n c i d e n t  l i g h t .  For p -po la r i za t ion ,  t h e  low frequency modes 

(50-120 were s t r o n g e r  than  f o r  s - p o l a r i z a t i o n .  The high 



- - - - --- -- 

f requency  modes w e r e  p o l a r i z a t i o n  independent .  F i g .  2.7 shows 

t h e  r a t i o  of  r e f l e c t i v i t y  a t  100 K t o  295 K w i t h  p o l a r i z e r  i n  

p l a c e .  One h i g h  f requency mode a t  204 a n - l  i s  a l s o  shown t o  

demons t ra te  t h a t  it i s  p o l a r i z a t i o n  independent .  S ince  it 

o c c u r s  c l o s e  t o  t h e  c u t o f f  f requency where t h e  i n t e n s i t y  i s  low, 

t h e  f a c t  t h a t  t h e  r a t io  s e e m s  t o  be g r e a t e r  t h a n  one i s  o f  no 
-- 

concern .  In  f a c t ,  t h e  r e s u l t s  a r e  very  good f o r  b e i n g  s o  c l o s e .  

t o  t h e  c u t o f f  f requency .  

2 .  12-TaSe2 s p e c t r a .  

a .  Cavi ty  s p e c t r a .  IGDW and CCDW phases .  5 0 0 > T  >295 K .  

S p e c t r a  w e r e  t a k e n  w i t h  t h e  s i n g l e  c a v i t y .  A t  room 

J t empera tu re ,  m u l t i p l e  phonon modes appeared.  (see be low) .  A s  

t h e  t empera tu re  w a s  r a i s e d  t o  500 K,  t h e  i n t e g r a t e d  i n t e n s i t y  

i n c r e a s e d  by 10% f o r  V p e a k = l O O  c m - l  and 6%, f o r  
- 
Vpeak=60 c m - l .  A l l  s t r u c t u r e  d i sappeared  t o  w i t h i n  1% 

s igna l - to -no i se .  I t  reappeared  upon c o o l i n g . '  

+\ 
b. S i n g l e  r e f l e c t i o n  s p e c t r a .  CCDW phase .  T = 295 K .  

S p e c t r a  t aken  a t  15O inc idence  a r e  p r e s e n t e d  i n  F ig .  2.8. 

S p e c t r a  were averaged u n t i l  t h e  s igna l - to -no i se  r a t i o  exceeded 

1% between 100 and 250 c m - l .  The a b s o l u t k  v a l u e  o f  t h e  room 

t empera tu re  r e f l e c t i v i t y  was found us ing  t h e  g r a t i n g  



spectrometer described e a r l i e r ,  and used t o  normalize w t he  data 

shown here.  

To bring out the  weak s t ruc ture  observed, the  dual' cavity 

was used. About 80% of the cavity was l ined with sample. 

Fig. 2 .9  shows the  r a t i o  of in tens i ty  transmit& through the  

sample cavity t o  t h a t  of the  polished brass cavi ty  a t  various ' 

temperatures. The s t ruc tu re  is  obviously much stronger.  Ten 

modes can be ident i f ied  i n  the  range 40-250 cm-l. 



Table 

Beamsp l i t t e r s ,  f i l t e r s ,  and t h e i r  e f f e c t i v e  f requency 

-1 ranges i n  c m  . Black polye thylene  was always use  

a t t e n u a t e  t h e  v i s i b l e  and nea r - in f ra red .  

v 
l o w  

- v 
high  Beamsp l i t t e r  F i l t e r s  

G cooled  Y-cut q u a r t z ,  
and N a C l  

G cooled  Y-cut q u a r t z  
and LiF 

room temperature  
Y-cut q u a r t z  

G p y r o l y t i c  boron 
n i t r i d e  - 

G b lack  polye thylene  



R e s i s t i v i t y  of 1T-TaS2 - vs. temperature  normalized t o  



Figure 2 - 2  

R e s i s i t i v i t y  of 1T-TaSe2 - vs.  temperature.  , 

Temperature 
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F i g u r e  2.3 
-- 

Sample i n s e r t  f o r  r e f l e c t i v i t y  measurements a t  15O 

i n c i d e n c e  a t  l i q u i d  H e  t empe ra tu r e s .  

I T o  d e t e c t o r  



4 4  
k ' l g u r e  2 . 4 a )  Sample c o n f i g u r a t i o n  a t  l b O  i n c i d e n c e  and 

Beckman FS-720 

F o u r i e r  Spec t rometer  

-or-4 

Bolometer 

15O inc idence  

b) Sample c o n f i g u r a t i o n  for po la r i za - t i on  

measuremehts a t  4 s 0  i n c i d e n c e .  

p o l a r i z e r  

S p e c t r o r e t e r  . 

45O i n c i d e n c e  

Sample 
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Figure 2.5. 

Cross-sectional v3ew of dual.cavity. 

( After Ward (1976). Full scale). 
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I T I  r 3 . 

Cavity transmission r a t i o ,  I (TaSe2)/I (b rass )  , vs. frequency 

a t  various temperatures.  . 
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Chapter 3. DetermiEZti6iT ot optical constants. i 
ppLpp 

C 

The reflectivity dhia of the preceeding chapter were 

analyzed in two ways in order to determine the optical 

constants. If the reflectivity over a wide frequency range is 

known, a Kramers-Kronig analysis can be performed. An 

usci lhtor  fit can a3so be done. These two methods are - 

described in this chapter. At the end, a semi-quantitative fit 
9 

is made to the multireflection spectra using parameters deduced 

from the single reflection fits. 

A. Kramers-Kronig analysis. 

The Kramers-Kronig relations (~odgson 1970) connect the 

real and imaginary parts of a function. This function, E ,  must 

have, frequency as its argument and rela%e two quantities obeying 

causality. For instance: D= &E. The quantity D can only depend 

on. the values of quantity E in the -past. 
\ 

\ .  -. 

In terms of the reflectivity, at normal incidence, R= (r21 . 
s 

and phase angle, e ,  between the incident and reflected ray 
4 (rr=rieie ) , these relations give 

This equation was evaluated numerically. The singularities 



at w=wf  were negotiated by using ~'HGspital's rule. Low 

+frequencies were extrapolated using the oscillator fit described 

in the next section. This is essentially a Hagen-Rubens 
/ 

extrapolation. High frequencies were obtained from the- data of 

Barker (1975). The optical conductivity calculated from the 

analysis is shown in Fig. 3.1. 

* 

The transverse optical (TO) frequencies of t e lattice 9 
modes were determined from peaks in the abso&alue of the 

dielectric constant, I E l  .  hang g& &. 1968). They are 

tabulated in Table 3.1. Longitudinal mode frequencies were 

estimated from the minima in I . Unless a mode is isolated 
- 

from neighbors, this is probably not a good estimate.. The 

resolution of the data is 0.5 em-I at frequencies below 
4 

' 80 em-', 1 cm-I until 132 cm-l, and 2 cm'l at higher 

frequencies. 

A similar analysis was not done for 12-TaSe2 because data 

were not available at higher frequencies. 

B. Oscillator fits. 

Infrared elecyomagnetic radiation couples to a solid 

through currents and polarization as described by Maxwell's 



macroscopic Maxwellr's equations, for instance E ( w ) ,  'where 

D= EE. From this the optical constants n and k can be 
, 

determined from fi =n+ik. The optical conductivity is obtained 

from a ( w ) =  Im(& )/4n . 

- 
- A  bore* eseil3ator can be used to descrl'be eIther phonons 

or interband electronic transitions. Simple classica1,and more 

involved quantum mechanical calculations all lead to an 

expression of the Lorentz form 

for the contribution to the dielectric constant from the 

i-th oscillator, wi is the resonance frequency and Ti is 

the relaxation time used to describe damping. Ai is a 

constant that can be related to microscopic models. The 

separate contributions to the dielectric constant are summed. 

Far-infrared photons are almost always too low in energy to 

excite any interband transitions. Setting w=O and summing over 

all possible transitions, "r 

fi is called the oscillator strength. ' In the following 



discussions &+ will he takenasuen-t uacd Co fit - 
- - 

i 

experiment. 

Intraband electronic transitions can be described by 

letting 'This corresponds to having no restoring force. 

This contribution to the dielectric constant is called the Drude 

term. 

The total dielectric constqnt can then be written as the 

swrt of various contributions, 

The first term comes from the electronic polarizability or 

interband transitions. The second term is a sum of Lorentz 

oscillators accounting for phonon excitations. Ai has been ' 

written as Siwoi to simplify the form of other formulae. 

Note that Si is dimensionless. 
C 

The third term accounts for free carrier intraband 

- electronic transitions (plasmons). Ai has been written 

- a s  w e  * - becausein the free alectron mode% when the 
electronic polarizability is negligible, this would be the - 

frequency of a longitudinal plasma resonance. The relaxation 
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Th'e procedure described above was used to fit the 1g-TaS2 
I 

spectrum of Fig. 2.7. A total of 19 -lorentz oscillators were , - 

used, a 60 parameter fit in all. . Only the parameters a'ssociated 
4 

with stronger modes are listed in Table 3.2. Mode frequencies 

agree to within 1 crn-I with those obtained from the 

Kramers-Kronig analysis listed in Table 3.1. Fig. 3.2 shows the 
- 

fit achieved. Two sets of the parameters c, , v and G , 
P '  

that fit the data equally well are given in Table 3,.2. 

P - / / 
The optical constants n and k (fi =n+ik) calculated from 

the oscillator fit compare well with those obtained from the 

~ramers-~ronig analysis described above. At the Lorentz 

oscillator peaks the calculated reflectivities dif5ered.b~ as 

much as 25%' but this is not significant in view of the 

digitizing procedure and sharpness of the peaks. Away from the 

peaks, n agreed within 2% and k within 10% between the two 

methods of analysis. - 

Determining the phonon Lorentz parameters accurately in the 

presence of a large Drude contribution requires that the 

background electronic spectrum be flt to high accuracy, better 



h igh  frequency modes o f  1T-TaSe2 a t  room tempera ture .  Thei r  

f i t t i n g  parameters  a r e  l i s t e d  i n  Tabke 3 .3 .  W e  were unable  t o  

.deduce phonon parameters m o r e  accLikately t l a n  t h i s .  A s  a r e s u l t  

t h e s e  va lues  were used i n  a l l  t h e  f i t s  descr ibed  h e r e .  Only t h e  

- 
Drude parameters v and Gi were determined from 12-TaSe2 

P 

- A f i t  t o  b e t t e r  than  2% over  t h e  range 50-500 cm-l can be 
9 

made wi th  Drude parameters  deduced from t h e  DC conduc t iv i ty .  
- 
V P 2c/(2~)/9x1011=a0 mho/cm. For G < 550 cm;l and 

- vp< 5000 cm-' , t h e  f i t  w a s  n o t  a s  good, t h e  r e f l e c t i v i t y  

dropping o f f  t o o  f a s t  wi th  inc reas ing  The value df 

used was no t  c r i t i c a l  t o  t h e  f i t  and s e t  a t  E~ =47. This  

is t h e  va lue  repor ted  by Lucovsky e t  a l .  (1976) ; Fig .  3 . 3  

summarizes t h e  r e s u l t s .  

, Here with L, f ixed  a t  47 ,  a f i t  wi th  v p 2 / ~  a t  t h e  DC 

value 'was h igher  than  experiment by up t o  4% ( F i t  , A ) .  If Cm t 

lower va lues  of a l l  parameters  ( F i t  B ) .  The r e s u l t s  a r e  l i s t e d  

i n  P ig .  3.4 .  Uo deduced from f i t  B was 1244 mho/cm about a 



t h i r d  o f  t h e  DC value  o f  3570. 

I 

I 

A t  t h i s  temperature,  i f  a l l  t h r e e  ~ r u d d  parameters  were' 
I 

allowed t o  vary ,  a l a r g e  va lue  ,of r e s u l t e d ,  around 1000. 
- A - - - - - - - - -  -- - 

Furthermore, a l l  t h e  d i p s  i n  t h e  ca lcu l3 ted  spectrum vanished, 

i n  disagreement wi th  experiment.  I f  were f i x e d  a t  a 

reasonable  value,  around 47,  both V and G were much smal le r  
P 

than  a t  h igher  tempera tures .  Extending t h e  experiment p a s t  t h e  

- 
v a l u e ' o f  v p / G  might h e l p  t o  determine them more 

a c c h a t e l y .  

Fig.  3.5 shows a  f i t  with E,, f ixed  a t  29 ,  t h e  same value 

found t o - f i t  t h e  d a t a  best a t  100 K .  The s i z e  o f  t h e  d i p s  a t  

each Lorentz o s c i l l a t o r  frequency depend s t r o n g l y  on t h e  value 

o f  G .  The value o f  G=117&25 em-' obtained gave good account 

of t h e  dips observed. A value  of v -2911 em-I was a l s o  
P- 

obtained.  deduced f r o m  t h i s  f i t  was on ly  about  20% of t h e  

DC va lue  of  about  l o 4  mho/cm. This is n o t  s u r p r i s i n g  a s  t h e  
I 

fit is  t o o  low a t  lower f requencies .  

- 

- - - -- J u s t  - changing to 47 c a w e d  t h e  c a l c u l a t e d  r e f l e c t s t y  - 

to  drop o f f  much too r a p i d l y  wi th  frequency. A f i t  wi th  Em 

- 
f ixed  a t  47'gave vp=3644 and G=137 m-l. The d i p s  were a  

l i t t l e  smal ler  than  f o r  t h e  c, =29 f i t .  



The dips i n  the low temperature r e f l ec t i v i t y  a t  each phonon 

mode occur near the  TO frequency. The frequencies determined by 

Lucovsky & e. (1976) a t  room temperature are  about 2 c m - l  

too low to  f i t  the spectra a t  4 .2  K .  I f  the phonon TO 

frequencies are obtained from the minima i n  the  multireflection 

- s p e c t ~ r e  3?kF.-2&r-ttre fit i ; better  . -W-ahew ihe a p p w x - h a t e  

agreement with experimental spectra the calculated spectrum 

t i l t e d  s l igh t ly  t o  coincide with experiment, a s  i s  shorn i n  the 
a 

inse t  of Fig. 3,.5. This i s  a crude way of accounting for  the 

non-Drude-like electronic background. 

I 
, 

If a second Drude te ,m i s  'introduced, the  f i t  w i l l  

obviously be 5e t t e r .  If fco i s  allowed t o  vary one gets the 

dotted l i n e  f i t  of Fig. 3 . 6 .  Uo deduced f r o m  t h i s  i s  

1 . 1 8 ~ 1 0 ~  mho/cm i n  good agreement with the DC value of 

0 . 9 9 ~ 1 0 ~ .  I f  C *  i s  fixed a t  47'a similar f i t .  not shown, i s  

obtained. G o  here is  deduced as 1.32~10~. Both . f i t s  used 

voi from minima i n  the rnultireflection spectra: The  
- 
v,=228 d i p  appeared at 226 an-' i n  the plot .  That is. the 

v 

dip  appears about 2 cm-I lower than the Lorentz frequency. 

C. Cavity mudel. 

A model  used by Richards and Tinkham (1960) for the  

transmission through a cavity has application here. They 



4 

associated a "Q" with each cavity. .Since 1 / ~  is 
* 

proportional-to the total energy loss per second, one may write 

the following 

The entrance and exit holes have absorptivity -of unity, 

obviously, and their Q = ~ T T v / ( A ~  A ) ,  where Ah is the area of 

Lamb (1946)-has found that, averaged over all angles of 

incidence, Q w a l l s = 6 ~ ~ / ( ~ h ~ ~ ) ,  where A is the absorptivity 

of the walls at normal incidence. % is the wall area.: A=1-R 

for thick walls. R being the reflectivity. For ~T-T~s$' only 
r.. 

R at near normal incidence is known. It would have td'be 
- * 

multiplied by some unknown. factor, set equal to unity here in 

order to account precisely for the value averaged over all 

angles of incidence. 

The cavity results of Fig. 2,6 are in the form of ratios. 

If the. Hagen-Rubens relation (3.5 ) is used for the reflectivity 

of brass, and the oscillator parameters of Figs. 3.3,3.5 and 3.6 

are used to calculate the IT-TaSe2 reflectivity, a theoretical 

cavity transmission ratio canhbe obtained. This is plotted in 
w 

F i g .  3.7. / 
- 

- - - - - - ---- - - - - - - -- - -- -- - --- 

At the two higher temperatures, the agreemknt with 

experiment, Fig. 2.9, is fairly good. However, the calculation 

for 4.2 K has t m  niuch slope on it to agree with experiment. A 



r e f l ec t i v i t y  rneasurement$nok reported e a r l i e r ,  taken a t  45O 

incidence on 12-TaSe2 a t  4.2 K showed less  of a drop with 

increasing frequency than the-near-normal 

measurements. The too rapid slope of the 4.2 K culation may 

be associated with not having integrated the r e f l ec t i v i t y  over 

a l l  angles of incidence. S 
- -- - --- - - - - - - - - - - - - - 

The phonon resonances in  the cavity calculation show good 

agreement with experiment. - - The Lorentz - parameters used t o  f i t  
< 

the phonon contribution t o  the  re f lec t iv i ty  were those of 

Lucovsky gt &.(1976). They are l i s t ed  i n  Tabl& 3 . 3 .  Comparing 

these with the IT--TaS2 parameters l i s t ed  i n  Table 3 . 2 ,  one 

finds good agreement of the parameter S fo r  the s ix  high 

frequency modes. 

One might then expect tha t  similar values of 

S would also be appropri e for  the low frequency "F 
* crys ta ls .  If t h i s  i s  assumed, and the additional 

the parameter 

modes of both 

phonon modes 

are included i n  the calculqtion of the cavity transmission 

r a t i o ,  the re f lec t iv i ty  of these modes i s  too large t o  agree 

with. experiment. valu& of S about 20% of the 1T-TaS2 - values 

are  more r e a l i s t i c .  Th i s  estimate i s  the best  t ha t  can be done 
- -- - - -  

since these low frequency modes were too weak t o  be seen in  a 

single ref lect ion with e apparatus used here. 
I-==-- 



Table 3.1 

Transverse o p t i c a l  f r equenc ies  determined from a Kramers- 

Kronig a n a l y s i s  of the 1T-TaS2 - r e f l e c t i v i t y  i n  CCDW phase. 

The f requebc ies  of s t r o n g  modes a r e  

o p t i c a l  f r equenc ies  are i n  parentheses .  

LOW f requenc ies  (cm') 

High f requenc ies  ( c m - l )  



-. 
3 . 2 .  Fitting parameters f o r  



Lucovsky s (1976) Lorentz parameters f o r  l ~ - T a S e ~  - 



Figure  3 .1  - 

Qptical c o n d u c t i v i t y  of- lT-TaSZ at - l@O K - c a l c u l a t e d  f r o m  

a Krainers-Kronig a n a l y s i s .  
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Theoretical cavity tnansmission ratio for 1T-TaSe2. - 
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Chapter 4. D i s c u s s i o n  of  phonon r e s u l t s .  

Z 

The o s c i l l a t o r  f i t s  described.. in chap te r  3 determined t h r e e  
- 

parameters  f o r  each phonon mode; t h e  frequency, voi; t h e  
- 

r e l a x a t i o n  t i m e ,  ' ~ i ;  and t h e  s t r e n g t h ,  Si. A d i s c u s s i o n  of 

t h e  damping i s  o u t s i d e  t h e  scope of  t h i s  t h e s i s .  P a r t  A o f  t h i s  

chap te r  w i l l  be an ia t t empt  t o  ex i n  the phonon f requenc ies  
- - - P- - -- - - - - - 

observed i n  both  IT-TaS2 - and P a r t  B w i l l  d i s c u s s  

t h e  par-kneters Si i n  terms of e f f e c t i v e  charges .  The 
.I 

tempera ture  dependence of  t h e  s p e c t r a  is  a s s o c i a t e d  with t h e  

e l e c t r o n i c  Contr ibut ion  of  t h e  plasmon t e r m  and w i l l  be  

d i scussed  i n  Chapter V. 

A- Phonon f requencies  . 

1. Linear  cha in  model. 

The l i n e a r  cha in  model i s - t h e  s imples t  l a t t i c e  dynamical 

model. I t  i s  d iscussed  i n  most elementary s o l i d  s t a t e  textbooks 
P 

( K i t t e l  1966).  Expressions for the f requenciesc-an  the long 

wavelength l i m i t  from more r e a l i s t i c  models f r e q u e n t l y  reduce t o  
t 

t h o s e  of  t h e  l i n e a r  Qain  model with suitab1.e i d e n t i f i c a t i o n  of  
' 

f o r c e  c o n s t a n t s  and m o d e  masses. 

Wieting (1973) has used t h e  l i n e a r  cha in  model t o  s tudy t h e  

l a t t i c e  dynamics of 2&-MoS2. It i s  e a s i l y  adapted t o  f i t  t h e  



of the  effect ive force constant, keff ,  and mode mass, 5, for  
c .  

,- each type of long wavelength mode ( ~ i g .  1 .3) .  For the E 
g 

Raman mode, E = m ( 2 1 )  (mass of two iodine atoms). $or the 

infrared E; mode. iii=rn(~d)m(21 ) / . ( m ( ~ d ) + m ( 2 1 )  ) (Appendix I ) .  
-.= 

The effect ive force constants for compounds related t o  
- - - -- - -- -- - - - - - - -A- 

1x-TaS2 and lpTaSe2 w i l l  be discussed f i r s t .  The Eu 

force constants for  the compounds whose opt ical  phonon 

frequencies are l i s t e d  i n  Table 1 . 2  follow cer ta in  trends. 

keff is  always greater for the sulphides than for  the 

selenides of a part icular  cation. keff  increases down a 

column of the periodic table.  For the aroup V I B  compounds, 

keff is more nearly constant than for the group IVB compounds. 

Less data are  available from group VB compounds due t o  t he i r  

more metgblic nature. The above variation down a column i s  l e ss  

than 27% for  the group I V B  compounds and less  than 6% for the 
F 

group V I B  cpmpounds. 

Moving across a r o w ,  where mode masses are nearly equal, it 

i s  eas i ly  seen tha t  keff increases s ignif icant ly.  The lower 

values  of the groupllVB force constants are undoubtedly due 

partly t o  local  f i e l d  ef fec ts .  These are greater i n  more ionic 

M compounds are somewhat intermediate t o  groups I V B  and VIB. ,The 

presence of CDW dis tor t ion5 complicates the comparison. 



The l i n e a r  c h a i n  model can a l s o  make some p r e d i c t i o n  on  how - 

the  phormn modes in the 2g compounds s h o u l d  compare w i t h  the 1~ 

compounds. Verble (1973) used  it t o  s h o w  t h a t  the n e a r  

4 ,  d e g e n e r a c y  between the 2E E, and E2g mode f r e q u e n c i e s  w a s  a 

d u e  t o  weak i n t e r d c t i o n  between the t w o  laye;s i n  the u n i t  ce l l .  9% 

The ~ - T a + z 4 & - 2 - g ~ E u -  4%qeneie& & m u U -  be ne=---k* --A 

the o b s e r v e d  Raman f r e q u e n c i e s  o f  285 and -207 cm-I 

r e s p e c t i v e l y .  I t  c a n  be a rgued  t h a t  the 1T a n d  2 g  f o r c e  
* \  

c o n s t a n t s  are a p p r o x i m a t e l y  e q u a l ,  a t  . l e a s t  n e a r  M z o n e  c e n t e r  

i n  t h e  n e a r e s t - n e i g h b o r  a p p r o x i m a t i o n .  Duf fey (1978)  h a s  

m o d i f i e d  Bromley 's  ( 1 9 7 1 )  central force model ,  used  for o n l y  one  

t r i g o n a l l y  c o o r d i n a t e d  l a y e r  in the  ' 2 ~  sys tem,  for  the 

o c t a h e d r a l l y  c o o r d i n a t e d  lr c a s e .  The Eu mode f r e q u e n c i e s  

p r e d i c t e d  w e r e  i d e n t i c a l .  Assuming t h e  s a m e  n e a r e s t  ne ighbor  
1 - 

force c o n s t a n t s ,  the.Jz a n d  2K s t r u c t u r e s  s h o u l d  h a v e  the  s a m e  
* 

E, m d e  f r e q u e n c y ,  t h a t  p r e d i c t e d  above. 

pP I n f r a r e d - a c t i v e  phonons h a v e  been o b s e r v e d  i n  the p r e s e n t  

5xper i rnen t s  n e a r  t o  t h e s e  f r e q u e n c i e s  i n  the CCDY phase of both 

crystals: 286 aa-I for 1g-TaS2 and 197 CRY' . for 

1T-TaSe2 .  - ( ~ a b f e  4 . 2 ) .  This is no t  t o  be t k k e n  as  c 6 n c l u s i v e  

on the l o n g - r a n g e  i n t e r a c t i o n s  is  a l s o  n o t  known. F u r t h e r  wor3c 



is  needed t o  resolve t h i s  problem. A determination of the 

phonon dispersion curves 5y ine las t ic  neutron sca t ter ing  i n  the 
i /  

ICDW phase ?fNboth compounds would be most helpful.  . .! 

- . 
2 .  Central .force models. . 

-3q- f 2 97-3 ) used z si~tp3-e -~-$raf-- feree-E3e~a-v~tXam~ffl-;-- 

I model t o  describe the l a t t i c e  dynamics of 2H-MoS2. - The model 

i s  two dimensional i n  the  sense tha t  k,=O. Three parameters 
** 

- 

m u s t  be determined from optical  experiments or  calculated from 

microscopic models. Duffey (1978) modified Bromley's model t o  

describe the IT-TaS2 case.. He estimated one parameter and 

determined the other two from h i s  experimentally determined 

Raman frequencies: an E mode a t  240 and an Alg mode a t  385 
kL 9 

Duffey used these \ requencrles because they appeared i n  the 

bCDw as well as CCDW phase. I t  is by no means c lear  tha t  these 

correspond t o  the  E and Alg modes of the undistorted g 

l a t t i c e .  In u 2R-TaS2, - the Eg mode occurs a t  203 
1 

an-' iihile the Alg @e +curs at 399 cm-I (Table 1 . 2 ) .  

As discussed earlier, these modes shoyld be similar i n  both 
! 

-- - - 

plytypes of the same compound. The Alg,modes are a t  similar 
! -- - ---- ~ 

\- frequencies, but the E modes d i f f e r  substantially.  

.-' 

' Table 4.1 .contains the frequencies calculated by Duffey a t  



75 
-6- 

1 

-- 
-- " 

+ the k=O ppoint and a lso  a t  the points Sl and d2. Q1 and* 
I 

I 

> .  
A + 

Qg are reciprocal superlat t ice wavevectors tha t  appear i n  the 

Brillouin zone bf the  undistorted l a t t i c e  i n  the  CCDW phase. 

This is shown i n  Fig. 4.1. Thirteen points are  labelled along 
i 

the direction of the  Sl wavevector which connects the origin 

t o  point "2" .  This point i s  one\f the inner s i x  points of a  
- - - -  - - - - A -  - - - -  - - _& A -  

"s ta r"  surrounding each l a t t i c e  point of the Bril louin zone ofL- - -  - d- - 
n 

P 
4 

the  undistorted l a t t i c e .  Q2 i s  the wavevector.of the point - 

" 3 " ,  a t  the outer points of the s t a r .  The frequencies 

calculated a t  the s ix  inner points are equal, as  are those for  

the outer points. Hence, only the frequencies calculated a t  

4 

Q1 and a2 are given i n  Table 4.1. 

In  Fig. 4.1, the superlat t ice points are origins of the 

superlat t ice Brillouin zone2. Stated ano&her way, the 

frequencies a t  kS0 branches of the undistorted l a t t i c e  become 

folded i n  t o  k=O points of the new, smaller Bril louin zone of 

the  CCDW phase superlat t ice.  The parts of the phonon branches 
J - .  
folded i n  t o  k=O are  those a t  the CCDW dis tor t ion  wavevector. 

The CCDW phase u n i t  c e l l  has thir-teen t%nes as many atoms 

as that of the  undistartgd - 1T-Cd12 structure.  Each of the 
k-  

nine phonon branches of the  simpler s t ructure sp1it.s in to  
~ 

-~ 
-- -- - -- - -- - - -- -~--pa---- - 

thir teen branches under the influence of the CCDW dis tor t ion .  

This i s  just an extension of the idea tha t  

diatomic l inear  chain can be thought of as 

the opt ic  branch' of a  

ar is ing  from the - 



folding i n  of the acoustic branch of a  monatomic l inear  chain. 
'\ 

P 

Gapping could remove the degeneracy so thatX\the twelve points of 

the  s t a r  i n  Fig. 4 .1  could have twelve different,frequencies 

instead of the two calculated i n  t h i s  model. Many hqar 

degeneracies could s t i l l  remain. 

Duffey's (1978) model i s  juqt a  f i r s t  attempt a t  

understanding the very complex l a t t i c e  dynamics of a  large u n i t  . 

c e l l  with CDW dis tor t ions .  No'neutran data are  available for 

comparison. Detailed agreement-with the observed Raman an? 

. infrared spectra i s  nOt obtained with t h i s  model. 

+ , I - .  - This model. predicts a  gap between modes ar is ing  from the 

acoustic and optic branches of the undistorted material.  

Between 1 3 1  and 215 an-'; no modes are predicted. This 

corresponds f a i r l y  well with what i s  observed  able 3.1) .  Holy 

( 1 9 7 7 )  a t t r ibuted a  weak Ramanyactive mode a t  183 cm-l t o - a  

two phonon process. The weak mod& i n  the infrared spectrum a t  

1 8 2  cm-I  may a l so  be\due tp such a process. This mode was 

somewhat stronger i n  the spectra reported by Karecki and Clayman 
- - 

(1976) on a  d i f ferent  batch-of IT-TaS2 crys ta ls .  L i t t l e  
-- ----- ---- ~ ---- ~- ~ ---- --- 7~ ~ ~ - -  

temperature dependence of t h i s ,  or indeed, any mode was observed 

from 4 . 2  t o  180 K. 



The upper limit of the calculated fr'equencies also agrees 

well w%th what was observed. The vpper limit of the calculation 

appears to be fixed by the choice of fx!equency for the Alg 
mode. The calculation also has a lower limit close to that 

observed. A detailed comparison of theory and experiment is 

5. Comparison of infrared-active modes in CCDW 1%-TaS2 

and 1T-TaSe2. 

Since the form of the CCDW phase superlattice for these two 

materials is the same, they should have the same number of 

9 phonon modes but at different frequencies due to.the heaxipr Se 

atom. Since S and Se are from the same column of the periodic 

table, the force constants are expected to be sim(i1ar. . 

The presence of more free carriers has been seen to screen - out the phonons mar? in the ld-~ase~ case. Thus a comparison - 
i, ' - with only the strongest modes of ~ T - T ~ s ~  - seems appropriate.' 

This has been done in Table 4.2. The IT-TaS2 frequencies are - 
f r o m  ok i l la tor  fits. The four lowest I T - T ~ S ~ ~  frequeacies 

J 
- 

ar ~ ~ s ~ t e s - - f  r o m  tEe- exFr'l'lmenta~-ke f lectivity .-The rxmaining- 
3 

kix frequencies were obtained by Lucovsky ~t g .  (1976) and 

agree with those observed here, -< 



-- 

The ratios of mode freqencies with the correspondence I 

listed are given in Table 4.2. For the six high frequency 
? 

- modes, the ratios are remarkably close to the square root of the 

inverse ratio of anion masses, 1.57. For the four low frequency 

modes, the ratios are close to one. 4' 

but m=m(~a) for acoustic modes. At the zone center, 

E=m(2s)m(~a)/(m(2s)+m(Ta)) for optic modes, and E=m(Ta)+m(2S) 

for acoustic modes. 

Thus, if equal force constants are assumed, the ratio o f  

mode frequencies of corresponding modes in 1!pTaS2 and 

12-TaSe2 should go as the inverse square root of their mode 

mass ratio. For optic modes, it should vary between 1.34 at the 

zone center to 1.57 at the zone edge. Fbr acoustic modes, it 

should vary from 1.18 to 1.00 in going from the zone center to 

the edge. 

This implies that the -four low frequency modes derive from 

acoustic branches of the undistorted crystal. The six high 

frequency modes appear to derive from optic modes. This is in 

earlier (Table 4.1). 



The-nearly -exact agreement of the r a t i o s  of the  s i x  high 

frequency modes with the  inverse square root of t h e  anion masses 
v 

i s  not t o  be taken .as  conclusive evidence t h a t  the  mode mass i s  

t h a t  of the  anions. A s  Gentioned e a r l i e r  i n  Section 1, the  

e f fec t ive  force constants. fo r  the  *EU modes of the  re la ted  

compounds l i s t e d  i n  Table 1.2 a r e  c m s i s t e n t l y  higher for  the  

center mode mass given just  above could equally well explain the  

da ta .  I t  cbes not change the  in te rpre ta t ion  of t h e i r  or ig in  
* 

from o p t i c  modes of t h e  undistorted material: 
% 

6 .  Comparison of experimental infrared and Rarnan spectra.  

When a s i t e  of inversion symmetry i s - p r e s e n t  i n  a c r y s t a l ,  

t h e  infrared and Raman modes can only be accidental ly  

degenerate. Examination of the  experimental data shown i n  Table 

4 .3  might a t  f i r s t  glance indicate  t h a t ,  s ince the frequencies 

obbrved  i n  the  Raman and infrared spectra a re  n q t  i den t i ca l ,  a 4 
3 

s i te  of inverAon i s  present. ,  O f  the  two possible space groups 

with a t r i c l i n i c  unit c e l l ,  cil and C1, the former wouid  
P 

t M n  be the must l i k e l y .  

However, it is qu i t e  possible 'that a l l  the  modes were not 

o b s e r v e  i n  any of the experiments. Many observed m o d e s  were a t  



t h e  l i m i t  ofdetecta3Xity.  E X  i f  the  modes seem t o  be 

degenerate, they would have t o  be assigned t o  the  i r reducible  
% 

representations of the  point group of small displacements from 

equilibrium before a  statement could be made about t h e i r  

degeneracy. With 39 atoms i n  a uni t  c e l l  and uncertainty about 
' 

t h e  space group, t h i s  problem i s  presently in t r ac tab le .  It canL 

i n  t he  infrared spectra  near the  228 an-I mode i n  the  Raman 

spectra ,  t h a t  the  space group of the super l a t t i ce  of 12-TaS2 

in the  CCDW phase i s  c i l .  

Duffey (1978) has al,so seen mode mul t ip l i c i ty  i n  Raman 

spectra of 13-TaSeZ i n  the  CCDW phase. A t  90 K ,  where the  

spectrum i s  morq d i s t i n c t  than a t  higher temperatures, he found 

, t h e  modes l i s t e d  i n  Table 4 .4 .  The infrared-active modes which 

a r e  l i s t e d  i n  ~ a b i e  4;2 a r e  a lso given. The same reservations 

about possible degenetacy di.srusged for  11-TaS2 apply here 

even more strongly d u e - t o  the greater  d i f f i c u l t y  i n  observing 
I 

these modes .' 

- - t 

The strong madcs at f 35 and l53 cm'l observed in the- 

Based on the discussibn of Section 5 ,  the  mode a t  135 em'' 
* 

corresponds' t o  the rode a t  204 cm-' seen i n  the spectrum of 



d 

l T - T a 3  i n  t h e  CCDW phase ,  s t r o n g l y  i n  the i n f k a r e d  b u t  o n l y  
- - - -4 - -- 

weakly  in-the ~ & a n  spec t rum (Tab le  4 . 3 ) .  This mbde cdu ld  e a s i l y  -. 
have  been missed  i n  D u f f e y ' s  work. The p e n e t r a t i o n  o f  l a s e r  

l i g h t  i n t o  the  sample  i s  less f o r  more m e t a l l i c  1T-TaSe2 t h a n  

f o r  12-TaS2, s o  t h a t  the s c a t t e r e d  l i g h t  would be'weaker. 

- The modes i n  t h e  Raman spectrum of  l.x-TaSe2 ex t end  t o  
~ ---- - -L -- ~ - - - - -  -- - -~ ~ 

h i g h e r  f r e q u e n c i e s  t h a n  t h e  modes observed i n  t h e  i n f r a r e d .  

S i n c e  t h e  h i g h e s t  frequen'cy i n f r a r e d - a c t i v e  modes w e r e  weak i n  

the IT-TaS2 - speckrun ,  i t  i s  l i k e l y  that t h e  c o r r e s p o n d i n g  

modes i n  12-TaSe2 w e r e  too weak t o  be observed  w i t h  t h e  

a p p a r a t u s  used here. I n  c o n c l u s i o n ,  even less can  be deduced 

from a comparison o f  i n f r a r e d  and Raman s p e c t r a  i n  t h e  CCDW 

phase  of 1T-TaSe2 t h a n  cou ld  be de te rmined  from t h e  1T-TaS2 

due t o  t h e  d i f f i c u l t i e s  i n  s t u d y i n g  a  more m e t a l l i c  c r y s t a l .  

7 ,  Comparison of l r -T iSe2  and if ~ a S e ~  i n i r a r e d  

s p e c t r a  i n  t h e  CCDW phase .  

fk 

Below 200 R ,  a CCCW s ta te  a p p e a r s  i n  12-TiSe2. The 

s u p e r l a t t i c e  u n i t  c e l l  i s  doub le  t h e  s i z e  o f  t h a t  of t h e  

u n d i s t o r t e d  s t a t e  i n  a l l  d i r e c t i o n s .  A s  a r e s u l t ,  e i g h t  t i m e s  

as many phonon b r a n c h e s  a re  present. H o l y  g .  (1977)  and 

spectra of these m a t e r i a l s .  Their r e s u l t s  are g i v e n  i n  Tab le  

4 . 5  a long  with t h e  f r e q u e n c i e s  s een  h e r e  'for 12-TaSeZ. 



The agreement i n  frequencies of these two compounds whose 

cat ions  d i f f e r  i n  mass by almoft a  fac tor  of four i s  remarkable. 

Their super l a t t i ces  i n  the  CCDW s t a t e  a re  d i f f e r e n t .  This meat 
c t h a t  modes are  not folded i n  from the same places o i  the  

- -  - - - 
dispersion c ~ r v e s ~ ~ - t h e ~ % n d ~ i s t o r t e d  material .  

, . 

A t  l e a s t  p a r t  of the  agreement 'is due t o  s t i f f e r  force 

constants i n  t h e  Group VB compounds (Section 1 ) .  A more 

de ta i led  explanation i s  not possible a t  present.  The wavevector 

dependence of the  d i e l e c t r i c  constant which screens the  
* 

in te rac t ion  between atoms i s  not known i n  d e t a i l .  I t  i s  not 

known i f  1x-TaSe2 'axhibits a  Kohn anomaly as  does 1x-TaS2 

f ~ i e b e c k  1977). A t  l e a s t  i n  the  normal s ta te ;a t  room 

temperature, lx-TiSe2 does not show e v i d p c e  of a  Kohn anomaly 

( S t i r l i n g  - e t  a l .  - 1976). 

P 

The or ig in  of most of the  modes seen i n  the simpler 

IT-TiSe2 - case have been assigned t o  branches of t?ie phonon 

dispersion curves i n  t h e  undistorted s t a t e .  (Holy e_t al. 1977, 

Jaswal 1979). This i s  not feasible  for  1pTaSe2 where even  

the  space group is  unkny. Rlrther work i s  needed i f  Table 4.5 
- - - -  - - - - - - - - - - - - - 

is to be f u l l y  understood. 

•’3. Effective charges. 



An effect ive charge on each atom can, i n  principle,  be .. 

calculated from parameters determined from an .o jc i l l a to r  f i t  t~ 

the re f lec t iv i ty .  The macroscopic Born transvArse effect ive 

- 
(~u r s t e in -1967 ,  1 9 7 1 ) .  v 0 i  i s  the 90 f r e q L c y  i n  

wavenumbers. n i s  t h e  o s c i l l a t o r  density.' m i s  the mode mass - 
i 

which i s  determined byL1reducing the problem t o  the form of a 

diatomic osc i l l a to r .  The problem with i t s  application here i s  

tha t  the mode masses for the infrared-active modes observed i n  

the CCDW s t a t e  are  no t  known. A s  an approximation, the value I 

. f o r  the Cd12 structure m a y  be used as svwn i n  Appendix ,I: 

A value of 2.3e for  the 204 cm-I 12-TaS2 mode and 2.2e 

for the 135 an-' 1s-TaSe2 mode are obtained making t h i s  

guess a t  the mode mass. Lucovsky et al. (1976) defermined the 

values of the 12-TaSe2 parametefs (Table 3 . 3 ) .  Thi s  i s  the- 

charge on the Ta atme assuming the loca&- field aetinq on the 

the  i o n s  and electrons simply add together (Burstein 1967, 

1 9 7 1 ) .  



* 
LucovSky gt al. (1976) determined tha* eT was about 

1.6e fo r  12-TaS2 i n  the QCDW phase from a f i t  t o  a  mode a t  210 

cm'l. However they used a  mode mass half tha t  .=--- used here. 
, 

This would seem t o  be i n  error ,  as  Appendix I makes-clear. With 

double the mode mass, t h e i r  effective charge for  t h i s  mode i n  

the QCDW phase agrees with the  204 an-' mode i n  the  CCDW phase 
~ _ _ - a .  _ _  - _  _ ~ _-_ ----- 

calculate2 here. 
1 

From the  work of others,  an ef fec t ive  charge can be 

calculated for the Eu modes of the compounds 12-HfS2 and 
9 

lr-HfSe2 (Lucovsky.et a l .  1973) and 2H-MoS2 - (Wieting and 

* 
Verble 1971 ) . -,For HfS2, eT = 5 . 5 e .  For HfSe2, 

" 1 

i 1 

T h e  value of the effect ive charge -2e fo r  the group VB 

compounds compares wiOQ -6e for  the group I V B  compoyds and e 
. . 

for. the group V I B  compound. This can be compared w i t h  the 

charge of 4e on an- isola ted  cation. The above i s  consistent 

with gradually increksing ionic i ty  i n  going from group IVB t o  

group V I B .  . 

the ion i s  givenby es=3/ (EoD +2)eT . That i s ,  the 

trdnsverse macroscopic gffective charge is enhanced due t o  the 
, 

presence of a  local  f i e ld  a t  the  ion greater than the 

t 

. -  
- 

L 

/ 



-- 

niacroscopiq f i e l d .  T h i s  c o u l M a l l y  e x p l a i n  why t h e  
d 

e f f e c t i v e  cha rge  on t h e  ~f compounds i s  g r e a t e r  t h a n  t h e  formal 

v a l e n c e  o f  4e .  

I n  r e a l  compounds, one cannot  simply add t h e  e l e c t r o n i c  and 

i o n i c  p o l a r i z a t i o n s . '  -The s h e l l  model. allows f o r  t h e  change i n  
,- , LL-L--------L----- - -- -- 

e l e c t r o n i c  p o l a r i z a b i l i t y  due t o  i o n i c  motion.  I t  can  e x p l a i n  

t h e  r e d u c t i o n  of e f f e c t i v e  cha rge  i n  t h e  i o n i c  case as w e l l  as 

t h e  p re sence  of cha rge  i n  c o v a l e n t  materials where t h e r e  i s  no 

s ta t ic  cha rge  ( ~ o n o v a n  and Angress 1971) .  A d e t a i l e d  a t t e m p t  a t  

' exp la in ing  t h e  e f f e c t i v e  cha rge  i s  o u t s i d e  t h e  scope  o f  t h i s  

t h e s i s .  

a 

C) An a t t e m p t  t o  f i n d  a n  e f f e c t i v e  charge for the low 

f requency  modes i n  12-TaS2 and 13-TaSe2 can  be made. 
b n .  

E a r l i e ,  i n  Chapter  3, s e c t i o h  C, it w a s  shown t h a t  thi 

pa rame te r s  Si f o r  IT-TaSe2 w e r e  about  20% o f  t h o s e  f o r  

I p T a S 2 ,  l i s t e d  i n  Tab le  3 . 2 .  Table  4 .2  shows th 'a t  t h e  - A 

f r e q u e n c i e s  o f  the four  s t r o n g  l o w  frequency modes in both 
- - 

crystals  are comparabl;, implying t h a t  t h e i r  e f f e c t i v e A  masses 
- 

are n e a r l y  equa l .  I n  the l i n e a r  c h a i n  model ( ~ i t t e l  1!366), t h i s ,  
. - 

occur n e a r  t h e  zone boundary where k f ~ a ) .  T h i s  i s  most l f k e l y  I - . , 

an unde res t ima te  of t h e  mode mass. 

I 

T h i s  l e a d s  t o  e f f e c t i v e  charges  of 3.7,  3.0, 2 .4  and 4.3e - 
for the m d e s  in lr-?as2 a t  54, 67, 78 ut 106 em-' 



(combining the 104 and 107 oa-I modes) r&spect ively .  The 
J 

corresponding e f f e c t i v e  charges i n  12-TaSe2 are about ha l f  

t h i s .  This i s  a semi-quwtitative way ok saying that  the 

acoustically-derived infrared-active *how p- modes i n  the  CCDW 

phase of lg-TaS2 are appreciably stronger thannthe ir  

counterparts i n  1x-TaSe :, . ~ -_--' L , .  ~ 1 _ _ ~ , 1 - _  



Table 4.1 

Phonon frequencies calculated by Duffey (1980) at 

-, 
three points in the Brillouin zone of an undistorted 

12-TaS2 crystal. ~ r e ~ u e n c i e s  are in cm-l. 



Y - 

4%- 
Table 4.2 

Dominant phonon frequencies in an-' in both ~ T - T ~ s ~  
,- 

and 1T-TaSed2 i n  t h e  CCDW phases  along.with t h e  ratio - 
'4 . 

of s u l p h i d e  t o  s e l e p i d e  f r e q u e n c i e s .  



Table 4.3. s&ary of experimental  optical phonon' mbde 
- ' - 

f r e q u e n c i e s  i n  the C C ~ W  phase of ~ T - T ~ S * ;  - Strop9 IR 
t . 

modes are u n d e r l i n e d .  - 
IR (100 K) Raman (130 K) ~ a m a k  { 90 K) - 

HoLy (1977) Duf fey (1978) 

126 Alg, 1 3 2  

152 ( 2 phonon) 

183 (2 phonon) c 
3 

204 ( 2 phonon) 



4 
D 

- - - -- - -- -- -- - - - - - 
Y -  - 

Table 4'.4,. Comparison of IB and Rarnan ( ~ u f f e y .  1 9 7 8 )  3 

mode frequencbes in the  CCDW phase of 1T-TaSe2. - 



-1 - cm in the CCDW phases of IT-TaSe2 - axid I T - T i S e 2  - 
Q 

< .  

~ T - T & s ~ ~  - - 1 T - T i S e 2  - ( 1 8  K) I T - E S e 2  - (20 K) - 
Liang e t  al. ( 1 9 7 9 )  Holy e t  a l .  ( 1 9 7 3  

-? 
LEa 
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--- Figure 4.1 - - 

- - 
- 

- 
8asal plane 0 2  r ec ip roca l  superlattice of CCDW phase. 

. J  

z % Hexagon" i s  b o w d a y  of n-1 Br i l l ou in  zone. 

0 Reciprocal p o i n t  of normal l a t t i c e  * 



Optical eonduct$~ity' can' be ex$fairied in terms of the band 
. . 

theory of solids combined wi'rhclassical transport theory. 

(Ashcroft and Mermin 1976. Hodgson 1970). The theory is 

restricted to photon energies less than the band gap. Interband 
0 

- 
transitions are thus not described. 

1- - 

- - - - -- --- - - - - - - - - - - - - - - - - - A - 
- 

Q 1 

If the relaxation time approximation is used to describe '* 

d 
'i 

.scattering, the ~ollowTng expression is obtained for the afitical' 

% conductivity. 

n is the band index. The total conductivity is obtained by 

summing over all bands. G=l/h grad@ is the electron 

velocity. f is the Fermi-Dirac distribution function. T~ is 

the relaxation time, assumed to vary with k. 

- If T is ass'umed to depend on 2 only through E($), the - a n  I sharp peak- of (-df/d~) at the 'Fermi urface enables T to be 



- 
- 

3 

S i n c e  'f depends on k o n l y  .through E ( k )  , an  i n t e g r a t i o n  by 
- 

p a r t s  of ( 5.2 ) y i e l d s  
. * 

mass t e n s o r .  
- 

f> 

For  t h e  free e l e c t r o n  model, it i s  e a s i l y  s e e n  from ( 5 . 3 )  

t h a t  o ( w ) = e 2  T 

r e s u l t ,  where me 

I n  te rms  o f  

I .  

~ / m d / ( l - i b J ~  )= o 0 / ( l ' i w ~  ) a f a m i l i a r  

i s  t h e  m a s s  o f  a  f r e e  e l e c t r o n .  

t h e  c o n t r i b u t i d n  t o  t h e  d i e l e c t r i c  c o n s t a n t ,  

* where ' wp2=4n ~ e ~ / m  

* .  ( 5 . 4 )  i s  i n  the form of  t h e  l a s t  te'ms o f  ( 3 . 4 ) ,  used t o  

f i t  t h e  r e f l e c t i v i t y  d a t a .   he summation o f  t e r m s  l i k e  ( 5 . 4 )  , 

comes either from a r e l a x a t i o n  t i m e  d i f f e r i n g  o v e r  d i f f e r e n t  
- - - - - - - - - - - - - - - - - - 

p o r t i o n s  o f  t h e  Fermi s u r f a c e  o r  a number o f  d i f f e r e n t  bands a t  
. 

t h e  Fermi l e v e l .  The i n t e r p r e t a t i o n  o f  w * i s  i n  terms o f  
P 

~ / m * ,  the e f f e c t i v e  carrier d e n s i t y  d iv ided  by an e f f e c t i v e  



m a s s  a s  def ined i n  (5.3). 
Y ." * - 

3 

Q 
A 4  4 - 

ii - 
- -e 

A f i t  =s ing  terms l i k e  ' (5 .4)  can no t  determine N and m*.  
'd  

0 -- C 

s e p a r a t e l y .  &her t r a n s p o r t  rneasarements , such a s  the.   ail 
0 - P- 

e f  f e e t  -or  suscepgibi l i t&6-must-  "b62' perforked i n  b r d e r  t o  do' t h i s .  : 

. - When w >> 1/1', measurement o f  t h e  o p t i c d l  c o n d u c t i v i t y  can 
0 

L 

- -- - -- - - -- - - -- p- 
* ---" - - - -  . - "--- -- - - -  -- - -. - 

- determine ~ / m  s e p a r a t e l y  whict  can not  be done,~from'- ' -& - 
. -. -0 .i - -. 6 

rneasur~kmerit$ of t h e  cpnduct iv i ty  whicli w e n d s  on ly  on- t h e i r  

r a t i o .  This  w i l l  be seen to. b e  t h e  case f o r  1T-TaSe2 a t  - 
4 

The s p e c t r a  i n  t h e  ICDW and QCDW s t a t e s  were adequafely 

explained by t h e  Hagen-Rubens r e l a t i o n  ( 3 . 6 )  . ~ v i d e n t i ~  t h e  

necessary  c r i t e r i a  o f  h igh  conduct iv i ty  and low frequency range 

were met. In  t h e  CCDW phase 

lower than i n  t h e  two h i g h e r  

term was used i n  f . i t t i n g  t h e  

-a 
spectrum. 

a t  100 K ,  s i n c e  t h e  conduc t iv i ty  i s  

temperature phases ,  a  s i n g l e  brude 

e l e c t r o n i c  c o n t r i b u t i o n  t o  t h e  CCDW 

I n  t h e  o s c i l l a t o r  f i t  To t h e  1x-TaS2 r e f l e c t i v i t y  a t  

100 K (Fig.3.2 and Table 3.2), values  of 21500  cmvl were 
- -- - P - 

- - 
- - - -  - - - -  

found t o  be s a t i s f a c t o r y ,  Lower va lues  caused t h e  r e f l e c t i v i t y  
A 

- 
t o  drop o f f  too  r a p i d l y  wi th  inc reas ing  frequency. For 
t - "P 

much h igher  than  f a r - i n f  r a r e d  f ~ e q u e n c i e s  ( e .g . v =4X10 4 
P 
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O . " ' .  . ' #  es -. 
cm < the free electron mbdel) j the 

. - 
t " L 

# j d  " 

- 
2 - 

. 

a . -  - 5- 

agreement. Using this rnininhn value- of V a'value of - 5 P' 9 s 

In 2 2 . 6 ~ 1 0 ~ ~  an-3. for they single carrier' density can- be . , ., 
4 " b  

those obtained from the recent  all effect measurements of Inada 
L 

et a1.(1979), Uchida et a1.(1979)', and Tanuma et al. (1979)- .. ' - - - - - -  J 

Above the CCDW transition temperature (ca. 200 K), the carriers 
, , 

were found to be predominantly n-type, while fielow it, they were 
' D  

predominantly p-type. Assuming a single band model, which 

carriers may be calculated from n = - l / ~ ~ ~ ~ ( M ~ s ) .  

Zllis gave around n = l ~ ~ ~ c m - ~  n-type carriers at 360 K in 

the ICDW phase, around n = 5 ~ 1 0 ~ ~ u n - ~  n-type carriers at 295 K 

in the QCDW phase, and around p=5~10~*cm-~ p-type ca-rriers 
D 

at 100 K in the CCDW phase for the data of Inada et al. (1979) 
I- - 

and Tanuma ~t - al. (1979). 

T'hk-~al~ coef ficieit was reported only for the CCDW phase - 

by Uchida & s. (1979). Their measured values of RH were 

considerably less than those of the other workers. Their data 
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I 
>A 

<, 
- -- 

a h ~  y-'l a r y e  a thiln tb t  -of 
--- 

9 = - .  
< 4 * workks; ' * -,* 

i - - s o  . - . . 
- " 1 -  - ,  

a . = .  -a 
,- 

a i. , - - ~9 --a2 - - < a '  e . 
= ~t &5 i ' d n d  1 6 0  ;I- ues ok n c a l c u l d ~ t k ~ - f r o ~  t ~ <  s 

-+ 

% --a< - - 0 

4 P 
3% - . P- - 

t ~ d l l  e f fec t  measurements were consistent k i t h  those ded&ed from 
* ? 

the optical  f i t s .  Together with the meHrured 6~ conductivity, * ' .  
A - 

- ' d  : v 4 -  
A t  100 K, -the" valiles 0 6  deduced from ~ c h i d a  e t  a i .  ' s  

*. -- 
(1979) Hall e f fec t  measurements agrees with t h a t  calculated from 

the lower the 
h 

osc i l l a to r  f i t .  

0 

The other 

'group's Hall e f fec t  measurements-give a value about a s ixth of 

t h i s .  I t  i s  d i f f i c u l t  t o  determine the cause of t h i s  

. discre ancy between the two groups. -+ , 

.me above discussion should have made c lear  why it i s  

, impossible t o  calculate an effective mass from the combined 
L - 

optical  and Hall e f fec t  measurements as it i s  possible t o  do i n  

principle.  The changes i n  the Fermi surface with temperature 

are  shown dramatically i n  the Hall e f fec t  measurements. The 

s i tua t ion  i s  very complex indeed., 

The present experiments-extend-to lewe-r frequencies the 

infrared re f lec t iv i ty  measurements of 1T-TaS2 taken by Barker - 
// 4- 

( l975a) i n  the range 300-40000 cm-l . They found that  



/ 

8 
98 . 

_'V 

i* 

t h e  s p e c t r a  were not of s imp \  e m e  Fom . * 
,A- - * 

e 
(Re ( 0 )= (r0/ ( l +  ( w T ) ') ) .No, sharg;  gap s t r u c t u r e  w a s  4 

i A 

= observed upon cool ing '  i n t o  &We CCDW phase. A s  t h i s  w a s  done, the. .+ . , * L 

i .  .. . + - 
, cort tuct ivi t 'y  . .w .. . . ,  w a k  g radua i ly  r e d u c 4  i n  the. tange 322-4000 cm-l. 

, - % - & @ '  ~ 

7 1  ,' - 1  1 

". 
They' in t e rp re ted -* th i s  a s  due t o  g.&duF~ly developing gapping i n  % w e  

8,. 

> . '  * ' t h e  F e m i  s u r f a c e  and ebnse?$uent removal of a & i & r s .  4 sum ' r u l ed  
- * .  

+ *  * - .  
" 

w a s  used t o  argue- t h a t  ~ / m -  i s  abbut 1/7.5 o f -  i t s  f r e e  _ > _ _  _ - -  ~ . . - . Q 

e l e c t r b n  value i n  t h e  ICDW phase o f  t h i s  m a t e r i a l .  Benda (1974) . D 

9 .+ - - % .  
had observed. s p e c t t a ' a t  4 .2  K s imi la r '  t o  t h e o  spec t ra"  taken  by 

, B a r k e r ' s  (1975) i n f r a r e d  r e f l e c t i v i t y  d a t a  can be cbmpared 

wi th  t h e  h igh<frequency l i m i t s  of t h e  o s c i l l a t o r  f i t s  used t o  , 

* \ 

f i t  t h e  f a r - i n f r a r e d  d a t a - o f  F ig .  2.6.  The f i t  w i th  &= '40 

goes t o  R=0.53, whi le  t h e  f i t  wi th  &co '48 goes t o  R=0.56 

( R  = 1 1 ) . Barkers da ta  a r e  no t  f l a t  ih t h i s  
0 - 

-. 
frequency range wi th  R=0.52 from 500-1000 cm-l, r i s i n g  t o  ' 

abouta 0 .57 nea; 3000 cm-l .  f a l l i n g  t o  0.50 a t  10,000 an-'. 

t hen  f a l l i n g  r a p i d l y  a t  h igher  f requencies .  Nei ther  of t h e  

present o s c i l l a t o r  f i t s  e x h i b i t s  t h i s  ehav io r .  A spread of d w  3 
energy e l e c t r o n i c  t r a n s i t i o n s  may be t h e  cause  o f  t h i s  

non-Drude-like behavior .  

Before d i scuss ing  t h e  p resen t  experiments,  it i s  u s e f u l  t o  



'compare t h e  p r e s - t a + n  ( ~ i g .  
* .  

h 
t h o s e  of  o t h e r s  (Wilson e t  al. i971, Fig. 1 . 2 ) .  One f i n d s  

agreement a t  l o w  temperatures .  However a t  room temperature t h e  , 

- p r e s e n t  c r y s t a l s  have a higher-  DC conduc t iv i ty .  This sugges ts  

t h e  presence  of a d d i t i o n a l  c a r r i e r s ,  presumably from an excess  
* . b - 

of Ta, Oura c r y s t a l s  were n o t  d i r e c t l y  analyzed f o r  
,-$' 

~ s 

over  t h e  b e s t  
P * 

Lucovsky e t  ai. f l 8 7 6 ) - h a v e  measured 

r e f l e c t i v i t y  of & T - T ~ s ~ ~  i n  ' the  infrared:  
- -  -% -t 

. a .  0. 

t h e  room temperature 

Their, z e f l e c t i v i t y  - 

was lower than t h e  c r y s t a l s  u s e b - h r e .  The phbnon modes they  

observed were s t r o n g e r  than tlrose observed h e r e .  Both f a c t s  can 

be expla ined  
. ,  

conduc t iv i ty  

by an excess  of  c a r r i e r s  i n c r e a s i n u  t h e  o p t i c a l  

and s c r e e n i n g t h e  -phonons i n  t h e  p r e s e n t  

They found f a  - 4 7  which was used i n  some of t h e  . 
f i t s  repor ted  h e r e .  The s p e c t r a  appeared t o  be a  mix of  Drude 

like f r e e  c a r r i e r s  and low l y i n g  e l e c t r o n i c  t r a n s i t i o n s .  They 

d i d  not  publ i sh  t h e  Drude parameters used i n  t h e i r  o s c i l l a t o r  ' 

fit. Evidence of e l e c t r o n i c  t r a n s i t i o n s  w e r e  n o t  found i n  the 

p r e s e n t  experiment where t h e  upper frequency l i m i t  was 600 

kickground spectrum a t  4 . 2  K i n  IT-TaSe2 f o r  f r equenc ies  only  - 
out zo 500 an-'. In s tudying  IT-TiSe2, Lucovsky g& , - 

-, 



1 '  
100 - 

L 

% 
i 

al. (1976a) found t h a t  t w o  Drude t e ~ s  were r e q u i r e d  t o  f i t  t h e  - /" 
.I 

s p e c t r a  of one sample, b u t  only  one was requ i red  t o  f i t @ m o r e  

n e a r l y  s t o i c h i 6 m e t r i c  samples. Hence wr s l i g h t l y  underdamped 

low frequency plasmon ( 5 -3000 m-1, G=700 c m - 1 )  could 
P- 

be a s s o c i a t e d  with of f -s to ichiometry  i n s t e a d  o f  a Fermi s u r f a c e  , 

ui#-.far-, t- A mt-~elaxati on-t-Zits Tn -diiCeFen t - 
'. 

s e c t i o n s .  

/ 
- - 

The two Drude f i t  o f  Fig.  3.6 has  a r e f l e c t i v i t y  

near  7 5 0 .  anA1, above t h e  l i m i t s  of t h e  p r e s e n t  

The r a l e c t i ' v i t y  of the underdamped plasmon f '7 -2535 cm-l, * P- 
G=9.3 an-'), p l o t t e d  by i t s e l f .  has a very pronounced minimum 

- 
near  vp/Vf;;; =440 cm-l. Whether a p e r f e c t l y  s t o i c h i o m e t r i c '  

sample of  1T-TaSe2 w o u l d p x h i b i t  t h i s  behavior  i s  open t o  

ques t ion .  A r e l a x a t i o n  t ime of 6 x 1 0 ' ~ ~  s,& can be c a l c u l a t e d  

from ~=9.?".w-l. mi. ie about  t h i r t y  t i m e s  l a r g e r  than  - - 
o r d i n a r y  Cu a t  room temperature and about 3000 t i m e s  smal ler  

i 
than vgry pure  Cu a t  4 .2  K ( ~ i t t e l  1.966) . 

-The ternperatuxe dependence of t h e  DC c o n d u c t i v i t y  was 

measured by W i i ~ o n  etq g .  ( 1975).  The o r d e r  of  magnitude 
I 

- 
- 1 - -  - 

- 

d e e r e m  i n  conductivity upon cool ing  from t h e  ICDW t o  t h e  CCDW 

'* 

surface i n t o  .a B r i l l o u i n  zone about one t h i r t e e n t h  t h i  s i z e  with .- 

a s s o c i a t e d  gapping and - @a1 of c a r r i e r s .  
" 



, 

The temperature dependence of the DC conductivity below . Y 

473 K i s  unusual, with a  broad min imum a t  about 300 K. 

(Fig. 1 . 2 ) .  The explanation probably l i e s  i n  d e t a i l s  of the 

ermi surface gapping t a  ng place as well as possible 'u 
localization effects .  d z e k a s  and Tosatti (1979) have 

- a q u a l i t a t i m  m a n a t i o ~ a f  -the even  more-cornpl-icated- 

1. 

proffered 

case i n  terms of Mott localization. 

The present opt ica l  work offers  further confirmation of 
s 

I 

these ideas. A Drude f i t  can i n  principle separate the 

relaxation time from the r a t i o  ~ / m *  which can not be done with 

measurements of the  IX: conductivity. From the Drude f i t s  t o  the 

IT-TaSe2 - r e f l ec t i v i t y  described i n  Chapter 3 ,  one can say tha t  

the raticf%fi*%e=reases with temperature. This suggests t h a t ,  

a s  the temperature i s  lowered from 295 K,  the ef fec t ive  mass 

increases or  the number of car r iers  decreases. The Drude 

parameters used t o  f i t  the 295 K spectra had only a lower bound, J 

I 
i 

such a statement. certainly the Drude parameters 

used i n  the low temperature f i t s  suggest f a r  l e s s  than No 
i "-7 

cax(riers calculated from one electron per u n i t  c e l l  o r a  very 
\ 

mass, one or both.of which vary strongly with 

hindered by t h e ,  

- - 

1ac)roPother  traEsp6rX da t a  f o r  IT-TaSe2. I n  s e c t i o n  5A, the 

behavior of the Hall coefficient of 1T-TaS2 was seen t o  imply - 
- 

a strong reduction i n  the  effective number of ca r r i e r s  a t  lower 

temperatures. 



A reasonable in te rpre ta t ion  of the  12-TaSeZ case might be 
\ 

., 

such as follows. I f  i n  the  high temperature ICDW phase. there  

- 
i s  one electron from each Ta, then V =36920 cm-l. Then i f  

P - 

gapping destroys 9/10 of the  Fermi surface just  below 450 K,  

- 
v =12000 c m - l .  This i s b n  the  range t h a t  w i l l  f i t  
P 

- - 
experiment ( ~ i g  .3 .3 ) ,  The lower values of oberveb at the - -- -- - 
-- - - + - -  -- 

d J  P 
- 

lower temperatures (two ca r r i e r s .  both with V -- 3000 cm-I) 

1. P then imply t h a t  ~ / m  is fur ther  decreased by a f ac to r  of 1/8 

a s  the  temperature i s  lowered t o  4.2 K.  
< 

- 
This temperature dependence of the f i t t i n g  parameter v 

P 
has been observed i n  a re la ted  compound. 12-TiSe2. In th is -  

compound, a t r a n s i t i o n  from an undistorted t o  a CCDW phase takes 

place a t  200 K. Liang et &. (1979) have measured the  

temperature dependence of the  infrared r e f l e c t i v i t y  of 

, 1T-TiSe2. - They f i t  t h e i r  data with enough Lorentz o s c i l l a t o r s  

t o  f i t  the  promineht phonons together with a s ingle  Drude term. 
- 

They found v -8600 cm-l a t  300 K ac tua l ly  increase t o  
P- . . 

-15000 cm-' jus t  above the  200 K t rans i t ion .  then decrease 

s t ead i ly  t o  a s t a b l e  value of -1700 cm-l below 130 K .  A s  the  

d -  Hall coef f ic ien t  decreases i n  magnitude by a f ac to r  of ten a t  
4' 

low temperatures, a s ingle  c a r r i e r  model would imply an  

e f f e c t i v e  .massirrcrexse by a factor  of 2.4. 

7, 

Liang et - a l .  (1979)  a l s o  determined Em as  a function of 



- t e m ~ e r a t w  lfinding that  it m d - a - t + h e ~ ~ - ~ - c f f s i t i m ~  

t empera tu re .  a t t r i b u t e d  t h i s  t o  a d e c r e a s e  i n  t h e  gap 
. 

energy  from CDW fo rma t ion .  was n o t  de te rmined  h e r e  w i t h  

s u f f i c i e n t  accuracy  t o  draw any conc lus ions  a b o u t  such an e f f e c t  

i n  12-TaSe*. 

j- 

Wilson et d. (1978b) have a l s o  s t u d i e d  t h e  i n f r a r e d  
- 

r e f l e c t i v i t y  of 12-?rise2, c o n c e n t r a t i n g  on t h e  f r e e  c a r r i e r  

plasmon behavior .  To t h i s  end,  t h e y  f i t  1 m ( - l /  C )  i n s t g a d  of 

t h e  r e f d e c t i v i t y  w i t h  an  o s C i l l a t o r  a n a l y s i s .  T h e i r  r e s u l t s  

4 w e r e  s i m i l a r  t o  t h o s e ~  o f  Liang a l .  ( 1979) .  A s  w i t h  B a r k e r ' s  - 

(1975b) e a r l i e r  work 08 1T-TaS2 and 211-TaSe2, it w a s  - 

- - d i f f i c u l t  t o  e x t r a c t  i n fo rma t ion  about  t h e  gapping induced by 

t h e  CDW. An a b s o r p t i o n  edge a t  about  1400 c m - l  a t  low 

t empera tu re s  seemed t o  a g r e e  w i t h  a l lowed e l e c t r o n i c  t r a n s i t i o n s  
f 

deduced from band s t r u c t u r e  c a l c u l a t i o n s  o f  Zunger and Freeman 

(1978) fo lded  i n  under t h e  CDW s u p e r l a t t i c e  fo rma t ion .  They 

expe r i enced  8 i f f i c u l t y  i n  c o r r e l a t i n g  t h i s  w i t h  CDW gapping and 

exp res sed  a  d e s i r e  f o r  r e l a t i v i s t i c  and s u p e r l a t t i c e  band 

s t r u c t u r e  c a l c u l a t i o n s .  

The prominent d i p s  i n  t h e  r e f l e c t i v i t y  a t n e w  phonon 
3 " 

* 

frequency of 1_T-TaSe2 a t  4 .2  K w e r e  seen  i n -  Chapter  3 t o  be  

associated with an u n d e r d w p d  =ude-term. - More commonly a  r i s e  

i n  t h e  r e f l e c t i v i t y  i s  observed nea r  a  phonon resonance .  Other 

systems e x h i b i t i n g  such behav io r  have r e c e n t l y  been s t u d i e d .  



L a g  &f+&-(L9-T99)- as-1 UR --@97S)-k-eett- - -- 

large re f lec t iv i ty  dips a t  each phonon frequency i n  1T-TiSe2. - 

This has the mode multiplicty associated with a  CCDW-induced 

superlat t ice.  - The dips can be associated with v.>, G. Similar 

dips i n  the r e f l ec t i v i t y  a t ' t h e  phonon frequency of intercalated 
. 

graphite have been observe- Underhill et a1 . (1979) . - 
f 

- L -- --  

I n  the present experiments, the behavior of the dips 

enabled the determination of the plasmon parameters i n  the 

osc i l l a to r  f i t  t o  a  greater precision than wpuld have been the 

case had the Lorentz osci l&ators  not been present. I n  f ac t ,  the 

unusual behavior was not understood unt i l  the experiments on 

1pTaSe2 a t  low temperature were extended out t o  the high 

frequency l imits  of the apparatus. The rapid f a l l o f f  i n  

r e f lec t iv i ty  could not be explained by the Hagen-Rubens relation - - 
(3 .61 .  The discovery of the  lower than expected value of v 

P 

for  1T-TaSe2 - a t  temperatures-below 100 K i s  a  d i rec t  

consequence of both ips  a t  each Lorentz o sc i l l a to r  and the 
& 

behavior of the ref lec t iv i ty .  The varue of the 

damping.parmeter G for  l ~ l ~ a s e ~  - below 100 K made a difference 

i n  the  s ize  of the dips even though the general background could 
- 

be explained by a  range of values of V G ,  and E m  . ' 
P' 



A .  S i g n i f i c a n t  f i n d i n g s .  

1. CDW-induced mode m u l t i p l i c i t y .  

The p r e s e n t  work 'desc r ibes  one o f  t h e  f i r s t  o b s e r v a t i o n s  o f  

CDW-induced phonon mode m u l t i p l i c i t y .  Ten s t r o n g  

i n f r a r e d - a c t i v e  phonon modes have been observed  i n  bo th  

lT-TaS2 and 12-TaSe2 i n  t h e i r  CCDW phases .  The 12-TaS2 

spectrum i s  remarkably complex, w i t h  as many a s  31 observed 

phonon modes. m e  sc reen ing  by f r e e  c a r r i e r s i n  

12-.TaSe2 make it po s i b l e  t o  s e e  o n l y  t e n  modes. The s i x  

h i g h e s t  f requency  modes i n  1T-TaSe2 ave been s e e n  by Lucovsky F 
e t - e .  (1976) .  Raman s p e c t r o s c o p i s t s  hgve a l s o  observed mode - 

# 

m u l t i p l i c i t y  i n  t h e s e  two compounds (Holy 1977,  Duffey 1978) .  

The o r i g i n  of  t h e s e  modes i s  b e l i e v e d  t o  bk 'due t o  t h e  

d r e a t i o n  by t h e  C-DW d i s t o r t i o n  o f  a l a r g e r  u n i t . c e l 1 ,  a  39 atom 

supe r l a t - t i ce ,  i n  bo th  t h e s e  compounds. The atoms i n  t h i s  ce$& 
\ * 

would have 3n-3=114 o p t i c  modes. The de te rmin-a t ion  o f  Raman &d 

i n f r a r e d  s e l e c t i o n  r u l e s  u s ing  group t h e o r y  i s  a d i f f i c u l t ,  

p r e s e n t l y  i n t r a c t a b l e  problem. Even t h e  space  g roup  o f  t h e  

s u p e r l a t t i c e -  has not been reported. The gkublern i s  p u t  i n t o  
C 

p e r s p e c t i v e  by c o n s i d e r i n g  t h e  e f f o r t  r e q u i r e d  t o  d i a g o n a l i z e  a 

ll.?X117 m a t r i x  t o  f i n d  t h e  normal- m o d e s  and . coo rd ina t e s ,  t h e n  



The simpler problem of the undistorted Cd12-type lattice 

with a 9x9 matrix has been considered in a simple central fo ce , f 
Born-von Karman model by Duffey (1978). From this, the 

frequencies of modes at points in the Brillouin zone folded back 
& 

to the --- zone - - - ce+nfer under the - CDW-induced superlattice formation. 

can be calculated as discussed in Chapter 4. The lack of 

quantitative agreement between model and experiment points out 

the necessity for more sophisticated model calculations. 

Duffey's (1978) calculation does illustrate the general 

principles involved and suggests which modes arise from the 

folding-in of acoustic branches of the phonon dispersion curves. 

The ratios of frequencies'of corresponding modes in 1T-TaS2. 

and 1T-TaSe2 - agree with this interpretation. , 

2. Temperature dependence of plasmons. 

The temperature dependencg of the plasmon fitting 

e3 
parameters for IT-TaS2 - at 360 K and 295 K revealed nothing 

that could not have been deduced from the DC conductivity and a 

carrier density of one per unit cell. n i s  is consistent with 

re-pe~t&-Ral2 effeet measurements. At 100 K, the Iff-TaS2 - 

spectra could be explained by, a carrier density of about 1019 

in agreement with the reduction noted in Hall effect 



As.for 12-TaS2, the lpTaSe2 spectra taken a t  higher - 

temperatures could be f i t  with Drude parameters deduced from the 
3 .  

DC conductivity and assuming onecarrier per u n i t  c e l l .  However 

a t  lower temperatures, the ref lec t iv i ty  of 1x-TaSe2 began t o  

drop bff too quickly with frequency for t h i s  simple 

interpretat ion.  An underdamped two plasmon f i t  w i t h  a  

re la t ive ly  long relaxation time was needed t o  f i t  the data. In . 

th is 'case ,  the r e a l  and imaginary parts of tBe Drude 

contribution t o  t%e a i e l ec t r i c  constant are  of comparable 

,magnitude. This i n  t u r n  causes a  dip t o  appear i n  the 
I 

..a ' re f lec t iv i ty  a t  each resonance of each Lorentz osc i l l a to r  used 

t d  f i t  the phonons instead of the more commonly observed peak. 

The reduction of t h e  plasma frequency f i t t i n g  parameter \ 

- 
V with decreasing temperature was interpreted i n  Chapter 5 P 

as due ei ther  t o  a  decrease i n  the effective number of carr iers  
' 

or  decrease i n  the  averaged effective mass. Both are probably 
e - 

- -- 

due t o  CDW-induced a l tera t ions  t o  the band structure as  the 

temperature i s  lowered. The d i f f i cu l ty  of a  band structure 

calculation i n  the CCDW phase i s  comparable t o  the calculation 
- - 

of the phonon dispersion curve. * 



Be'- Suggestions for  future research. 

In a l l  but the CCDW phase of both 1T-TaS2 and 12-TaSe2, - 
no phonons were observed i n  e i ther  the r e f l ec t i v i t y  or 

i - 
dual-cavity spectra. I t  i s  possible t o  mechahcally a l ternate  

- )ei ther  M e  Be= or simple so that  for  half  a  cycle the detector 

measures the sample, while for  the other half  it measures the 

reference. The lock-in amplifier w i l l  then d i rec t ly  measure the 

difference between sample and reference r e f l ec t i v i t y .  When the 

i gample i s  almost as ref lect ing as the referenpe, t h i s  has the 
r 

advantage of d i rec t ly  measuring the quantity of i n t e r e s t ,  namely 
8 

4 

small de'viations from  rude-like re f lec t iv i ty .  However the 

dual-cavity technique used here also brings out weak structure.  

I t  would be interest ing t o  c pare the two methods; one with 

many ref lect ions,  the other with only two experimentally 

subtracted from one another. 4 

Another experiment worth doing i s  measuring the 
/-"- 

r e f l e c t i v i t ~  -se2 - versus temperature a t  higher 
- -  - 

frequencies. This would show whether the m i n i m u m  i n  the 

re f lec t iv i ty  a t  750 c m - l  predicted by khe low frequency 

osc i l l a to r  f i t s  actual ly exis ts .  Crystals of d i f fer ing 
- 

stoichiometries could also be studied t o  determine if the second 

plasmon i s  due t o  additional car r iers  caused by excess Ta. 



Appendix I .  

Linear-chain model for  the Cd12 s t ructure Eu -mode. 

> 

The normal modes for  the C d 1 2  structure are shown i n  

Fig. 1.3. If the two I  atoms are denoted by 1 and 3 and the Cd 

ion by 2 ,  the equations of motion fo r  the Eu mode may be 
7, 

written as follows. 

E i s  the macroscopic f i e ld  and e is  h e  macroscopic 

effect ive charge -e on the anions and +2e on the cations. C i s  

the  force constant between Cd and I .  The 1-1 force constant 

does not contribute because adjacent atoms osc i l l a t e  i n  phase i n  + 

. . the Eu mode. The u i  a re  the displacements from equilibrium. 

4 These three coupled equations may be combined t o  give 

equations i den t i ca l - t o  those of a  diatomic l inear  chain by 
- - 

making the following substi tutions.  ' 



Adding (1.1) and (1.8) a long  wi th  t h e  above s u s t i t u t i o n s  

g i v e s  

These a r e  i d e n t i c a l  t o  t h e  macroscopic e q u a t i o n s  f o r  a - 
l i n e a r  c h a i n  d i a tomic  l a t t i c e  ( K i t t e l  1 9 6 6 ) .  The two e q u a t i o n s  

can be  s u b t r a c t e d  t o  g i v e  

2 * 
-iii u - ~ c u = ~ ~  E 

w h e r e  u  w a s  d e f i n e d  above and m i s  the reduced mode m a s s ,  

* 
eT i s  the macroscopic  e f f e c t i v e  charge  on the c a t i o n  

(Cd) , half of t h i s  be ing  on each anion.  

- 

f l  * 
The i o n i c  p o l a r i z a t i o n  i s  g iven  by Pi=neT u  w h e r e  n  

i s  t h e  number o f  i o n  p a i r s  p e r  u n i t  volume. I f  t h e  t o t a l  

p o l a r i z a t i o n  can be w r i t t e n  a s  t h e  sum of  i o n i c  and e l e c t r o n i c  



- 

e, 
terms, 

then 

&here S= E (0)- wO2=2~/iZI and E a =1+4 n n  c0. 
* (1.8) is of the Lorentz form when damping is neglected. 

eT 

for this model may be calculated from experimentally determined 
* 

parameters as eT /e v,/e(niiiS/n) 
* = € -  I 1 / 2  ( 1 . 9 )  

- 
where vo is in crn-l. . 
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